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GENERAL I N T R O D U C T I O N 
The cochlea is a very complicated structure composed of two compart-
ments filled with fluid and lined with various kinds of epithelium One 
of the most unusual phenomena of this organ is the intracellular-hke 
ionic composition of one of these fluids, the endolymph This situation 
is unique among extracellular body fluids Moreover, several re-
markable electrical phenomena, intimately connected with cochlear 
function, and dependent on the ionic composition of the fluids, can be 
measured in this organ 
In this investigation we have investigated the identity, location and 
role of the cation pump maintaining the characteristic catiomc compo-
sition of the endolymph, and participating in the generation of the 
cochlear potentials The first part of this thesis consists of a survey of 
the literature dealing with the histology and histochemistry of the 
cochlear structures and with the cochlear fluids and potentials In 
addition the Na+-K+-activated ATPase system and its relation to 
cation transport is reviewed The second part, dealing with our experi-
ments, describes the experimental procedures and the results obtained 
and gives the discussion and conclusions of these results. 

CHAPTER I 
A N A T O M Y O F T H E C O C H L E A 
1. I n t r o d u c t i o n 
O u r present knowledge of the development and structure of the coch-
lear tissues is derived from a series of light microscopic investigations 
(Held , 1926, Bast and Anson, 19-49) and more specifically from elec-
tronmicroscopic studies performed during the last fifteen years (Smith, 
1957, Rodriguez Echandia and Burgos, 1965; Engst rom et al., 1966; 
lurato, 1967a, b ) . 
In this chapter the fine structure of the cochlear tissues is described 
in addition to the general organisation of the whole labyrinth. 
2. G r o s s a n a t o m y o f t h e l a b y r i n t h 
T h e membranous labyrinth originates from the otic placode, an epithe-
lial thickening in the region of the rhombencephalon in early embryonic 
life. T h e placode sinks inwards to form the closed otic vesicle. By in-
tricate infolding processes this vesicle is transformed into the mem-
branous labyrinth as we know it in the adult animal with its various 
compartments filled with endolymph and connected to each other by 
narrow passages (Fig . 1) . These compartments can be divided m two 
functionally different groups: one which is involved m the function of 
equilibrium (sacculus, utnculus and semicircular canals ) , the other in-
volved in the perception of sound (the ductus cochleans or scala media) . 
In all these compartments the epithelial lining derived from the 
original epithelium of the otic vesicle, is differentiated into areas with 
specialized sensory cells, associated with branches of the vestibular or 
acoustic nerves, and into areas where the cells are thought to be more 
or less involved in the secretory or resorptive processes of the labyrin-
thine fluids. In the adult s tage the whole membranous labyrinth is 
encased in a bony capsule and is separated from the latter by a space 
filled with fluid, the perilymph (Fig . 1 ) 
Th i s perilymphatic space originates from the disappearence of the 
mesenchymal tissue surrounding the membranous labyrinth during 
development In the cochlea, this fluid has the important function of 
transferring the sound waves for stimulation of the sensory cells of the 
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Fig. 1. Schematic drawing of the various compartments of the membranous labyrinth 
and its interconnections (redrawn and modified from von Ebner, 1903 and Bast and 
Anson, 1949). Black areas represent sensory cells. The spaces filled with endolymph 
are shaded and those filled with perilymph are white. AC: aqueductus cochleae, 
AS: arachnoid space, С canales semicirculares, DM: dura mater. DR: ductus reu-
niens, О С : organ of Corti, R W : round window. S: sacculus, SE: Saccus endolym­
phaticus, ST: scala tympani, SV: scala vestibuli, U: utriculus. 
organ of Corti. The perilymphatic system is connected with the cere­
brospinal fluid space by means of the aqueductus cochleae (Fig. 1). 
The endolymphatic space has a connection with the arachnoidal space 
by means of the Saccus endolymphaticus, a closed sac situated in the 
dura mater and connected to sacculus and utriculus by the ductus en­
dolymphaticus (Fig. 1). 
Since this thesis is mainly concerned with the cochlear physiology 
only the cochlear structures will be described in detail. After a more 
extensive description of the mammalian cochlea, a short description of 
the avian cochlear duct will be given, as some of our experiments were 
carried out on the cochlear structures of one day old chickens. 
3. A n a t o m y of t h e m a m m a l i a n c o c h l e a 
The mammalian cochlea consists of a three-fold tube, spirally wound 
about a central bony axis, the modiolus (Fig. 2), which contains the 
main blood vessels and the main trunk of the acoustic nerve. The num-
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ber of turns varies from species to species. T h e cochlea of the guinea 
pig has 4!4 turns. 
T h e middle tube is called the ductus cochlearis or scala media, and 
is filled with endolymph. Th i s scala ends at the apical turn and at the 
basal turn is connected with the sacculus by means of the very small 
ductus reuniens. T h e scala media, tr iangular in transverse section, is 
surrounded by spaces filled with perilymph on two sides: the scala 
vestibuli running up from the oval window to the apex, where it passes 
into the scala tympani running down to the round window (Fig . 1 ) , 
Fig. 2. Median section through the cochlea of the guinea pig (Hematoxylm-eosin, 
X 14). 
Fig. 3. Transverse section through the scala media (Hematoxylin-eosin, X 50). 
LB: limbus spiralis, LS: ligaraentum spirale. OC: organ of Corti, PS: prominentia 
spiralis. RM: Reissner's membrane, SE: sulcus externus. SM: scala media. ST: 
scala tympani, SV: scala vestibuli, M: modiolus. NA: nervus acusticus, SR: stria 
vascularis. Arabic figures refer to the turn numbers. 
T h e scala vestibuli and tympani are separated from neighbouring 
turns by a bony shelf which contains the arteries and veins supplying 
the lateral wall of the scala media. These vessels are connected with 
the main vessels in the modiolus. T h e separation between scala media 
and scala vestibuli is formed by Reissner 's membrane. T h e membrana 
basilaris separates the scala media from the scala tympani. O n its 
lateral side, the epithelium of the scala media rests on a layer of con-
nective tissue, the spiral ligament, which lies directly against the bone 
of the cochlear capsule. 
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4. T h e l a t e r a l w a l l of t h e s c a l a m e d i a 
The major part of the epithelial lining of the lateral wall of the scala 
media is formed by the stria vascularis. A minor part is formed by the 
epithelium of the prominentia spiralis and sulcus externus (Fig. 3). The 
fine structure of the stria vascularis has been described by several 
authors (Smith 1957, Rodriguez Echandia and Burgos, 1965, Rauch 
and Ruska, 1965, Hinojosa and Rodriguez Echandia, 1966; Spoendhn, 
1967a). 
It is a stratified epithelium consisting of three cell types with nume­
rous capillaries embedded in it (Fig 4) . The marginal cells bordering 
the endolymphatic space have a rather smooth surface with a few 
short microvilli and vesicular invaginations with a filamentous coating 
(Rodriguez Echandia and Burgos, 1965) Near their free surface 
adjacent cells are firmly connected by junctional complexes, consisting 
of zonulae occludentes and further down by zonulae adhaerentes and 
desmosomes as classified by Farquhar and Palade (1963). The basal 
cell wall shows extensive infoldings so that the linear extent of the free 
surface is only 3r/< of the basal surface. These processes interdigitate 
with each other or with projections of the other cell types, only very 
small extracellular spaces of about 30 ιημ width are seen between them 
(Rodriguez Echandia and Burgos, 1965). The cytoplasm of these in­
foldings is densely packed with mitochondria. Histochemical studies 
have revealed a very high concentration of enzymes participating in 
oxidative metabolism (Vosteen, 1961; Nakai and Hilding, 1968a) and 
a high incorporation of protein and RNA precursors (Koburg, 1961; 
Koburg and Plester, 1962) in the stria vascularis, Microrespirometnc 
studies (Chou and Rodgers 1962) revealed a Qcb for the stria vascu­
laris even higher than that for kidney tissue. The cytoplasm in the 
apical part of the cell containing the nucleus shows only scattered mi­
tochondria but is well furnished with free and membrane bound ribo-
somes, a Golgi complex and many vesicles, becoming more numerous 
and smaller towards the free surface Many of these vesicles are similar 
in structure to the coated invaginations at the free surface of the cell. 
Such structures have been interpreted as a type of pinocytotic activity 
(Roth and Porter, 1964) but different from that in smooth muscle cells 
and endothelial cells, 
The second layer is formed by the intermediate cells (Fig 4) . These 
have large cytoplasmic processes running between those of the mar­
ginal cells or making contact with the underlaying basal cells. The 
cytoplasm contains only a sparse endoplasmatic reticulum and a few 
mitochondria The third type is formed by the basal cells, arranged m 
several firmly packed layers of flat cells connected to each other with 
desmosomes and zonulae occludentes (Spoendhn, 1967a). They gra-
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Fig. 4. Diagram of the stria vascularis (modified from Rodriguez Echandia and 
Burgos. 1965). The various cell types are indicated by M C (marginal cells), 1С (in­
termediate cells and ВС (basal cells). The marginal cells are connected to each other 
with a junctional complex consisting of a zonula occludens ( Z O ) . zonula adhaerens 
(ZA) and desmosomes ( D ) . The apical surface shows pinocytotic activity and some 
microvilli, the basal cell membrane shows multiple infoldings, densely packed with 
mitochondria and interdigitating with those of the other cell types. Intermediate and 
basal cells contain only few cytoplasmatic inclusions. The basal cells are connected 
to each other with desmosomes and zonulae occludentes. All types of cells make 
contact with the basal lamina of the capillaries (CAP) whose endothelial cells show 
a high pinocytotic activity. 
dually change into the cells of the spiral ligament without the inter­
vention of a basal lamina. Some of the basal cells have projections 
interdigitating with intermediate and marginal cells. As in the inter­
mediate cells the cytoplasm contains only a few organelles. 
The numerous capillaries embedded in the epithelium are surrounded 
by a basal lamina adjacent to the endothelial cells which show many 
pinocytotic vesicles (Fig. 4) . All types of cells make contact with this 
basal lamina, although extensions of the marginal cells are most 
frequent, 
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The epithelium of the spiral prominence and sulcus externus forms 
a direct continuation of the stria vascularis (Fig. 3) . It consists of only 
one cell layer separated from the spiral ligament by a distinct basal 
lamina. The epithelial cells of the prominence are cuboidal and possess 
a very irregular basal surface with numerous invaginations. The sulcus 
cells penetrate deeply into the spiral ligament. The free surface of the 
cells shows some microvilli. Adjacent cells are connected by zonulae 
occludentes near their free surface. The cytoplasm of the prominence 
cells contains a great amount of endoplasmatic reticulum, Golgi mem-
branes and a few mitochondria. The sulcus cells, however, contain 
more mitochondria, vacuoles and only a very poorly developed endo-
plasmatic reticulum. In the spiral ligament behind this epithelium there 
are capillaries, irregular stroma cells and huge extracellular spaces pene-
trating into the epithelial invaginations. The stroma cells contain many 
mitochondria, vacuoles and a well developed endoplasmatic reticulum. 
Histochemical studies of this region revealed a high activity of several 
enzymes involved in the oxidative metabolism (Vosteen, 1961; Spoend-
lin and Balogh, 1963). Roots of the outer sulcus cells may penetrate 
deeply into this region, sometimes making contact with the stroma cells, 
and showing extensive membrane infolding associated with a great 
number of vacuoles (Spoendlm, 1967a; von Ilberg et al., 1968). 
5. T h e v e s t i b u l a r w a l l of t h e s c a l a m e d i a 
The separation between endolymphatic space and scala vestibuli is 
formed by the avascular membrane of Reissner. Its fine structure has 
been described by lurato (1967b); Duvall and Rhodes (1967a); von 
Ilberg (1968a). Reissner's membrane is composed of two cell layers: 
an outer layer of very flat cells, continuous with those lining the scala 
vestibuli (Duvall and Rhodes, 1967a) and an inner layer lining the 
endolymphatic space. The two cell layers are separated by a basal 
lamina, bordering the inner layer and a layer of intercellular substance 
(Fig. 5). Adjacent cells of the outer layer are not always attached to 
each other, so direct contact between the perilymph and the intercellu-
lar substance is present. The inner layer consists of cuboidal cells firmly 
connected to each other by a zonula occludens near the free surface. 
followed by a zonula adhaerens and desmosomes. The membrane facing 
the endolymph shows microvilli and also invaginations with a coated 
surface (lurato, 1967b). These invaginations are similar to those found 
on the free surface of the stria vascularis suggested to be associated 
with a special form of pinocytosis (Rodriguez Echandia and Burgos, 
1965; Hinojosa and Rodriguez Echandia, 1966). Pmocytotic vesicles 
like those normally found in endothelial cells have also been shown on 
the side of the basal lamina (lurato, 1967b; von Ilberg, 1968a). The 
basal and also the lateral cell walls behind the junctional complex show 
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Fig. 5. Diagram of Reissner's membrane based on electron micrographs of lurato 
(1957b) and Duvall and Rhodes (1967 a ) . The epithelial cells on the endolymphatic 
side show microvilli and pinocytotic activity on their free surface and are connected 
to each other with a junctional complex consisting of a zonula occludens ( Z O ) , a 
zonula adhaerens (ZA) and a desmosome (D). The lateral and basal cell membrane 
show many infoldings and pinocytotic activity. The epithelial cells on the perilym-
phatic side, separated from those on the endolymphatic side by a basal lamina and 
intercellular substance, do not form a continuous layer. Both types of cells contain 
only a few cytoplasmatic inclusions. 
many irregular cell extensions making contact with the basal lamina or 
interdigitatmg with those of other cells. The cytoplasm of these cells 
contains a few mitochondria, some free and membrane bound ribosomes 
and vesicles of various sizes. 
6. T h e t y m p a n a l w a l l of t h e s c a l a m e d i a 
The epithelial lining of the endolymphatic space on the side of the scala 
tympani consists of various types of cells (Engström et al., 1966; lurato. 
1967 a, b) . The major part is formed by the cells of the organ of Corti 
(Fig. 6). These cells, except for the hair cells, rest directly on the mem-
brana basilaris. This membrane consists of a ground substance with 
numerous filaments embedded in it. On the perilymphatic side this 
membrane is covered with a layer of connective tissue cells resem-
bling the outer layer of Reissner's membrane and the rest of the epithe-
lial lining of the perilymphatic space. A small vessel is present in this 
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membrane in the region of the hair cells, which is important for their 
nutrition (Kikuchi and Hilding, 1967). 
Fig. 6. The organ of Corti of the guinea pig (Hematoxylin-eosin, X 180). C: corti-
lymph, CL: cells of Claudius, D; cells of Deiters. F: nerve fibres running to the 
hair cells, LB: limbus spiralis, LR: lamina reticularis, HC: hair cells, H: cells of 
Hensen, MT: membrana tectoria, MB: membrana basilaris, NA: nervus acusticus, 
P: pillar cells. 
T h e cells of the organ of Corti can be distinguished in sup-
porting cells with filaments (pillar cells and cells of Deiters) and those 
without filaments (cells of Hensen and Claudius) which pass into the 
cells of the sulcus externus. T o the modiolar side the organ of Corti 
passes into the epithelium covering the limbus spiralis, a connective 
tissue structure resembling the ligamentum spirale. T h e membrana 
tectoria, composed of filaments embedded in an amorphous substance, 
is at tached to the epithelium of the spiral limbus. T h e supporting cells 
have a rather clear cytoplasm with only a few organelles and vesicles. 
Moreover, the filamentous cells contain a great number of filaments 
running from the base to the apex, giving support to the hair cells. T h e 
adjacent cells are connected by zonulae occludentes alone in their 
apical part or followed by zonulae adhaerentes and desmosomes 
(furato, 1967b). T h e apical surface of the supporting cells shows many 
microvilli. 
T h e highly differentiated sensory cells, divided into inner and outer 
hair cells, bear on their apical surface numerous hairs (stereocilia) 
which are in close contact with the membrana tectoria. T h e central axis 
of these hairs penetrates into the apical cytoplasm of the cells, consisting 
of a cuticular plate (lamina reticularis) . Bending of the stereocilia 
caused by movements of the membrana basilaris, stimulates the hair 
cells and an action potential in the acoustic nerve is generated. M a n y 
mitochondria, vesicles and Golgi lamellae are found in the apical part 
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of the cell A second concentration of mitochondria and vesicles is 
situated in the basal part, where synaptic contact is made with the nerve 
endings of the acoustic nerve Along the lateral surface a distinct layer 
of membrane structures and mitochondria are found. Histochemical 
studies revealed a high content of enzymes of oxidative and glycolytic 
metabolism (Vosteen, 1961, Spoendhn and Balogh, 1963, M a t s c h m s k y 
and T h a l m a n n , 1967) in the hair cells 
Around the hair cells several large extracellular spaces continuous 
with each other can be observed T h e s e spaces which are traversed by 
the unmyelinated parts of the fibers of the acoustic nerve (Fig 6 ) , are 
filled with a fluid called the cortilymph, thought to have the same ionic 
composition as perilymph 
In view of its structural features, the scala media can be considered 
to be a closed sac filled with fluid T h e tight junctions between the 
cells bordering the endolymphatic space rule out an intercellular fluid 
transport as proposed by F a r q u h a r and Pa lade ( 1963). F r o m a morpho­
logical point of view the stria vascularis would be expected to play the 
most important role in cochlear cation transport . T h e r e is a great re­
semblance between the marginal cells of the stria vascularis and those 
found in epithelia shown to b e involved in the atctive t ransport of ions, 
such as the dogfish rectal gland (Bulger, 1963) the salt gland of sea 
birds (Doyle, 1960, Kommck and Komnick 1963) and the kidney 
tubules ( P e a s e 1955) In the vestibular part of the labyrinth, areas 
with similar cells have been demonstrated (Dohlman, 1965, Nakai and 
Hilding, 1968b, Kimura 1969). 
7. T h e l i g a m e n t u m s p i r a l e a n d l i m b u s s p i r a l i s 
T h e l igamentum spirale a n d limbus spiralis (Figs . 2 a n d 3) a re com­
posed of a very loose fibrillar connective tissue with large extracellular 
spaces ( lurato, 1967a) T h e s e spaces are especially large m the part 
of the ligamentum spirale bordering the scala tympani, where they may 
freely communicate with the perilymph (Spoendhn and Balogh, 1963). 
T h e fibrous bundles situated m the extracellular spaces form an irre­
gular network in which the connective tissue cells are embedded In the 
adult s tage most cells show a very poor cytoplasmatic content, except 
the layers bordering the scala vestibuli of both ligamentum spirale and 
limbus spiralis, and the cells behind the epithelium of the prominentia 
spiralis T h e y contain many mitochondria, which is in agreement with 
histo-enzymological studies (Vosteen, 1961, Spoendhn and Balogh, 
1963). 
8 V a s с u 1 а г ι s a 11 o n 
T h e vascular supply of the membranous inner ear structures is derived 
from the arteria cochlearis, located in the modiolus (Axelsson, 1968) 
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From this ar tery two main groups of vessels branch off the first group 
runs through the bony roof of the scala vestibuh and descends through 
the ligamentum spirale and the second group runs to the limbus spiralis 
and the organ of Corti. T h e first group gives off three groups of 
branches· one above Reissner 's membrane which supplies this part of 
the ligamentum spirale, a second provides the capillary network of the 
stria vascularis and a third group supplies the prominentia spiralis. All 
these regions are drained by venules which descend to the collecting 
venules in the tympanal part of the l igamentum spirale, from whence 
they course through the floor of the scala tympam to the modiolar vein. 
T h e venous drainage of the organ of Corti and limbus spiralis is also 
connected with the modiolar vein. 
9. I n n e r v a t i o n 
T h e main part of the cochlear innervation is formed by the afferent and 
efferent nerve fibres of the acoustic nerve, supplying the sensory cells 
of the organ of Corti and arising from the main nerve trunk in the 
modiolus (F igs . 2 and 6 ) . These fibres lose their myelin sheath before 
they enter the cortilymph space. T h e innervation pattern of the hair 
cells has been described extensively by Smith and Sjostrand (1961) 
and Spoendlin (1967b, 1969) T h e adrenergic innervation consists of 
a dense perivascular network in the modiolus but these only accompany 
the vessels which course to the organ of Corti (Te r rayama et al., 1966). 
Adrenergic fibres could not be demonstrated at all around the capil-
laries in the ligamentum spirale and stria vascularis. A second adrener-
gic system has been described, running along the cochlear nerve fibres 
to the organ of Corti but never reaching the hair cells. Th i s system 
forms a terminal plexus near the organ of Corti , where the fibres of the 
acoustic nerve lose their myelin sheath (Spoendlin and Lichtensteiner, 
1966). 
10. S a c c u s e n d o l y m p h a t i c u s 
Because of its possible role in endolymph circulation this structure will 
be briefly described. T h e Saccus is located withm two separated layers 
of the dura mater and is connected with sacculus and utnculus by the 
ductus endolymphaticus (Fig. 1) . Because of its location it has also 
been suggested (Allen, 1964) that the endolymphatic sac, together with 
the aqueductus cochleae, represent, a mechanism protecting the inner 
ear from variations in liquor pressure. T h e submicroscopical structure 
has been extensively described by Lundquist (1965) . T h e epithelium, 
one cell layer thick, rests on a loose connective tissue layer permeated 
by capillaries. Different cell types can be discerned, some of them 
showing considerable pinocytotic and phagocytotic activity T h e lumen 
of the sac is filled with many free floating macrophages and cell debris. 
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11. A n a t o m y o f t h e a v i a n c o c h l e a 
Although there are no essential differences in the gross anatomy of the 
avian and mammalian labyrinth, the avian cochlea shows some re-
markable characteristics (Amerlinck, 1923; Held, 1926; Schwartzkopf 
and W i n t e r . 1960). T h e avian cochlear duct (scala media) , surrounded 
by perilymphatic spaces, is a sac filled with endolymph, which is only 
Fig. 7. Longitudinal section through the cochlea of the one day chicken (Iron-Hema 
toxylin, X 80). 
Fig. 8. Detail of the tegmentum vasculosum showing the epithelial lining of the 
endolymphatic space, consisting of dark and light cells (Heidenhain's Iron-hema-
toxylin, X 350). NA: nervus acusticus, MT: membiana tectoria. OC: organ of 
Corti, SM: scala media, ST: scala tympani, SV: scala vestibuli, T V : tegmentum 
vasculosum. 
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slightly curved The epithelial lining of the scala media on the side 
of the scala tympam is formed by the sensory and supporting cells of 
the organ of Corti, resting on the membrana basilans. The remaining 
part of the wall of the cochlear sac consists of the tegmentum vascu-
losum, a highly vasculansed and richly folded epithelium with dark 
and light cells (Figs. 7 and 8). This structure may be considered 
phylogenetically to represent both Reissner's membrane and the stria 
vascularis of the mammalian cochlea 
Recently an electronmicroscopical study of the tegmentum was re-
ported (Jahnke et al., 1969). The basal cell membrane of the dark cells 
showed a great number of invaginations interdigitating with those 
formed by the light cells. The cytoplasm of the dark cells was densely 
packed with mitochondria while that of the light cells was very clear. 
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CHAPTER II 
T H E C O C H L E A R F L U I D S 
1. I n t r o d u c t i o n 
Besides a mechanical role in the transfer of sound vibrations from the 
middle ear to the organ of Corti, the inner ear fluids play an important 
role in providing the adacquate environment for the function of the 
sensory cells. Alterat ions in the ionic composition of these fluids may 
result in drastic effects on the cochlear potentials (Chapter III) and 
even lead to degeneration of the epithelial lining of the endolymphatic 
space (Duvall and Rhodes, 1967b; Duvall, 1968), 
Th i s chapter deals with the chemical composition of the cochlear 
fluids and with the possible role of different cochlear structures in their 
production and absorption. 
2. C o m p o s i t i o n 
M a n y studies of the composition and biophysical characteristics of the 
inner ear fluids have been carried out. T h e first determinations of the 
electrolyte content of the mammalian inner ear fluids have been re-
ported by Smith et al. (1954) . T h e y demonstrated a characteristic 
difference in the ionic composition between pen - and endolymph. T h e 
N a + and K+ content of the perilymph agreed with that of extracellular 
fluids, but the endolymph proved to be high in K+ and low in N a + thus 
resembling an intracellular fluid. After this s tudy many authors have 
reported results of the chemical analysis of cochlear fluids in various 
animal species. These results have been reviewed by Maggio (1966) 
and Fernández (1967) . Although there are variations in the reported 
data, it is consistently confirmed that both mammalian cochlear and 
vestibular endolymph contain a high K + and a low N a + concentration. 
Any variations, particularly in data on cochlear endolymph, may be the 
result of differences in techniques of collecting fluid samples. In view 
of the anatomical situation it is clear that endolymph samples may 
easily be contaminated with traces of blood or perilymph. Moreover, 
come data have been derived from dead animals, which may result in 
a decrease of K+ and an increase in N a + in the endolymph as shown 
by Rodgers and Chou (1966) ; Bosher and W a r r e n (1968) ; Mende l -
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söhn and Konishi (1969). Therefore it seems likely that the most re-
liable data are those which are low in Na+ . In Table 1 data on the 
electrolyte composition of the inner ear fluids reported by various 
authors, have been summarised. 
Table 1 
COMPOSITION OF COCHLEAR FLUIDS * 
Species 
Guinea pig (utriculus) 
Guinea pig (cochlea) 
Guinea pig (cochlea) 
Guinea pig (cochlea) 
Man (cochlea) 
Cat (cochlea) 
Endolymph 
Na" 
26 
2 
1 
5 
13 
30 
K+ 
142 
151 
154 
144 
144 
173 
ci-
lio 
114 
Perilymph 
N a + 
148 
137 
138 
139 
140 
K+ 
5 
4 
7 
4 
4 
α­
ϊ 20 
118 
Citron and Exley (1957) 
Johnstone et al (1963) 
Bosher and Warren (1968) 
Mendelsohn and Konishi (1969) 
Rauch (1964) 
Silverstein (1966) 
* All concentrations in mmole/1 
3. O r i g i n a n d c i r c u l a t i o n 
Several microscopical and also some biochemical studies, dealing with 
the source and the circulation of cochlear fluids have been reported. 
In these studies various substances such as dyes, radioactive isotopes 
and particles of various origin were locally injected into the cochlear 
fluids, the cerebrospinal fluid or administered parenterally and were 
then traced with microscopical and chemical techniques. Results and 
conclusions have often been contradictory, which is presumably due to 
the techniques used, e.g. the use of dyes which may alter the membrane 
permeability or interfere with cellular metabolism. Moreover, because 
the inner ear structures are very delicate they may easily be injured or 
even disrupted by local injections, as may be concluded from some 
experiments. 
a. Perilymph 
Because the perilymphatic space is connected with the cerebrospinal 
space by the aqueductus cochleae and by perivascular and perineural 
spaces, the question whether perilymph is derived from cerebrospinal 
fluid, has drawn much attention. 
Various substances injected into the liquor cerebrospinalis have been 
shown to be transported to the perilymph (Arnvig, 1951; Altmann 
and Waltner, 1950, Hughes and Chou, 1963; Schuknecht and El Seifi, 
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1963), indicating that the perilymph may be at least partially derived 
from the cerebrospinal fluid. However, occlusion of the aqueduct did 
not show histological or physiological alterations m the inner ear, sug­
gesting that the cerebrospinal contribution is only a minor one (Schu-
knecht and El Seifi, 1963). This finding, together with differences in 
chemical composition, e.g. in protein content (Silverstein, 1966), and 
the swift appearance of parenterally administered radioisotopes in the 
perilymph (Rauch, 1964, Choo and Tabowitz, 1964), suggest that the 
perilymph is essentially a blood ultrafiltrate from the capillaries in the 
scala vestibuh. It has been demonstrated that perilymph can more or 
less freely circulate through ligamentum spirale and limbus spiralis from 
one scala to the other (Tonndorf et al., 1962; von Ilberg, 1968 b, с) . 
Absorption of perilymph has been shown to occur in the part of the 
ligamentum spirale bordering scala tympam by the perivascular tissue 
around the venules (Kinkae et al., 1961 ) and by the stroma cells in the 
region of the prominentia spiralis (von Ilberg et al., 1968). 
b. Endolymph 
Most studies on endolymph circulation deal with the function of the 
Saccus endolymphaticus (Fig. 1 ). Various substances injected into both 
cochlear (Guild, 1927; Lundquist, 1965; Ishu et al., 1966) and vestibu­
lar endolymph (Doi, 1939; Dohlman and Ormerod, 1960) have been 
found to accumulate in the Saccus lumen, being phagocytised or re­
moved by pinocytosis. Silverstein (1966) was able to show that the 
fluid flow from the cannulated saccus stopped after occlusion of the 
ductus endolymphaticus. Kimura (1967) and Beai (1968) showed that 
prolonged occlusion of the ductus resulted in a hydrops of the cochlear 
duct, so confirming the flow direction and the absorptive or filtering 
function of the saccus. Because of the long distance it seems very likely 
that this structure is only involved in a long term absorption process 
to clear away cell debris and excess of fluid from the endolymphatic 
system. Additional arguments in favour of this assumption are the 
low K+, high N a + and protein content of the saccus fluid (Silverstein, 
1966) and the presence of acid phosphatase and proteolytic enzymes 
(Ishu et al., 1966). 
However, several experiments have been reported indicating a local 
cochlear circulation which seems to be much more important in coch­
lear physiology. It has been demonstrated that a local intermixing of 
pen- and endolymph by rupturing Reissner's membrane only leads to a 
local disappearance of cochlear microphonic potential and a local de­
generation of the epithelium (Lawrence et al., 1961; Schuknecht and 
El Seifi, 1963; Lawrence. 1966; Duvall and Rhodes, 1967 b; Duvall, 
1968). A few mm from this tear the C M P was still present and the 
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epithelium intact, suggesting a segmental metabolic independence of 
the cochlear structures. 
Von Ilberg (1968 a, b) demonstrated that thorium dioxyde injected 
into the scala media was removed by pinocytotic activity of the stria 
vascularis and Reissner's membrane. Absorption of endolymph by the 
epithelium of spiral prominence and sulcus externus as shown by Yama-
moto and Nakai (1964), using ferrodextran, could not be confirmed 
by von Ilberg et al. (1968) Thorium dioxyde injected into perilymph 
could only reach the endolymph by pinocytosis of Reissner's membrane 
in the reverse direction (von Ilberg, 1968 a) 
Naftalm and Harrison (1958) advanced the hypothesis that endo-
lymph arises from perilymph passing through Reissner's membrane, 
while the stria vascularis extracts the excess Na+ and pumps in K+ to 
build up the required K+ concentration against the leakage through 
Reissner's membrane. Support for this hypothesis can be derived from 
experiments with radioisotopes. Rauch (1964) showed that after 
intraperitoneal injection of K12 the isotope concentration reached a 
much higher value in endolymph than in the blood or perilymph This 
was confirmed by Choo and Tabowitz (1965) after intracardiac injec-
tion of K42. These authors suggested a prominent role of the stria 
vascularis in K+ transport from blood to endolymph. After intraperi-
toneal injection of Na-'2, the isotope concentration was consistently 
lower in endolymph than in perilymph. (Choo and Tabowitz, 1964; 
Rauch, 1964). Within two minutes after injection of K42 into the peri-
lymph of the scala vestibuh the isotope concentration in the endolymph 
became higher than in the perilymph, while the K12 concentration of 
the stria vascularis was also very high. This transport could be partly 
inhibited by NaCN, ouabain and lodoacetic acid. From these experi-
ments Rauch (1964, 1966) concluded an active transport of K42 from 
perilymph to endolymph through Reissner's membrane and a resorption 
through the stria vascularis. 
The entrance of Na2 2 from the vestibular perilymph into the endo-
lymph was much slower, reaching half of the perilymph isotope concen-
tration after approximately seven minutes only (Rauch, 1964). The 
same author failed to show any significant entrance of Na+ and K+ 
isotopes into the endolymph after injection into the perilymph of the 
scala tympani. Borghesan (1957) suggested that from an anatomical 
point of view the spiral prominence may also take part in endolymph 
formation, supposing that this structure produces the "plasmatic" frac-
tion while the stria vascularis produces the "crystalloid" fraction. 
Many other cochlear structures have been thought to take part in 
endolymph secretion or absorption, however, without any experimental 
evidence. Nevertheless, in spite of the lack of direct experimental 
evidence, the morphology and metabolic activity of the stria vascularis 
26 
suggest that this structure may play an important part in regulating 
the composition of cochlear endolymph The role of the other structures 
may only be a more or less passive one 
c. Cortdymph 
Although the exact composition of the fluid surrounding the cells of 
the organ of Corti (cortilymph) (Fig. 6) is not known, this fluid may 
be considered as extracellular m composition, resembling perilymph. 
As suggested by Tasaki (1957) it is highly unlikely that this fluid 
resembles endolymph, because unmyelinated fibres cannot function in 
a high K+ medium Support for this statement is given by the experi-
mental work of von Ilberg (1968 d) and Schuknecht and El Seifi 
(1963), showing that perilymph can freely pass the basilar membrane. 
Rauch ( 1964) was able to show that cortilymph is rich in Na+ and poor 
in K+. Therefore it may be concluded that the barrier between pen-
lymph ( ie . cortilymph) and endolymph is formed by the lamina reti-
cularis, the boundary of the cells of the organ of Corti to the endo-
lymph. 
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CHAPTER III 
ELECTRICAL P H E N O M E N A IN T H E MAMMALIAN 
COCHLEA 
1. I n t r o d u c t i o n 
Several electrical phenomena can be identified in the cochlea (Davis, 
1957; Tasaki, 1957; Wever, 1966). They can be divided into resting 
DC polarisations and potentials that are generated after acoustic sti-
mulation. The group of resting potentials consists of the endolymphatic 
or endocochlear potential (ERP), representing an extracellular polari-
sation of the endolymph which is positive with respect to blood and 
perilymph, and the negative intracellular potentials of the epithelial 
cells lining the endolymphatic space. 
To the second group belong the action potentials (AP) , representing 
the sum of many spikes generated m the nerve fibres of the acoustic 
nerve; the cochlear microphonic potentials (CMP) , an alternating 
current response to sound stimuli; and the summatmg potential (SP) , 
representing a positive or negative change in the resting potential. In 
this chapter the literature dealing with the nature and origin of the 
CMP and the ERP will be reviewed. Because the action potential ( AP) 
and the summatmg potential (SP) have not been studied by us, they 
will not be discussed. 
2. E n d o c o c h l e a r r e s t i n g p o t e n t i a l 
The endocochlear resting potential (ERP) , discovered by von Békésy 
in 1952, is an extracellular DC polarisation about 80 mV positive with 
respect to the perilymph, blood or any inactive tissue of the head. 
This potential can be measured in the entire endolymphatic space of 
the mammalian cochlea. This large, positive potential is remarkable in 
two ways. Most body cells with their high internal K+ concentration 
have a negative resting potential of the same magnitude, which is 
closely related to the K+ concentration gradient between the intra- and 
extracellular compartments (Hodgkin and Keynes, 1955; Adrian, 
1956) Thus, on the basis of the ionic composition of the endolymph, 
one would have expected a negative, rather than a positive ERP. The 
other remarkable point is that the vestibular parts of the endolymphatic 
system, having the same ionic composition as the cochlear endolymph 
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(Table 1), have a resting potential of only a few millivolts (Smith et 
al., 1958, Schmidt, 1963 a ) . This potential has been shown to be inde­
pendent of the cochlear resting potential (Schmidt, 1963 b ) . 
Many experiments have been performed in order to demonstrate a 
dependence of the ERP on the ionic concentrations in pen- and endo-
lymph. Introduction of a high K+ solution in the endolymph depressed 
the ERP much less than injection of Na+-rich Ringer or perilymph 
(Tasaki et al., 1954; Davis et al., 1955; Komshi et al., 1966). Komshi 
and Kelsey (1968 a) reported only a slight effect on the ERP after 
perfusing the scala tympam with Na-free Ringer. Tetrodotoxm, which 
blocks the sodium channel in nerve membrane (Loewenstem et al., 
1963, Ozaki and Sato, 1965), did not show any effect on the ERP 
when introduced into the scala tympam or scala media (Komshi and 
Kelsey, 1968 b) . No effect could be demonstrated by injecting high K+ 
solution into the scala tympam (Tasaki et al., 1954). Butler (1965), 
however, showed a decrease of about 50% in the ERP upon replacing 
the scala tympam perilymph with a solution containing 150 mM K+. 
Replacement of scala vestibuh perilymph with K+-rich Ringer had no 
effect on the ERP (Tasaki et al., 1954; Butler et al, 1962). Katsuki et 
al (1966) reported a 50c/( decrease of the ERP after lontophoretic 
introduction of tetraethylammonium chloride into the scala media, sug­
gesting the blockage of the K+ channel (Hagiwara and Saito, 1959). 
However, no effect was found after introduction of this substance into 
the hair cell region From these findings it seems unlikely that the ERP 
represents merely a diffusion potential due to the ionic gradients 
between endo- and perilymph. 
Several findings seem to support the assumption that the ERP is 
generated by the stria vascularis, a structure absent in the vestibular 
parts of the endolymphatic system. The ERP has been shown to be 
highly dependent on oxidative metabolism. A rapid and sharp decrease 
can be found after reduction of the blood oxygen tension, caused by 
clamping the trachea, by inhalation of pure No, or after local inter­
ruption of the cochlear blood supply (Komshi et al., 1961). The same 
effect has been shown with local injection of N a C N (Davis et al., 1955; 
Komshi and Kelsey, 1968 с). Since the stria is the only cochlear epithe­
lial structure which is richly vasculansed and has a high oxidative 
metabolism (Vosteen, 1961; Chou and Rodgers; 1962; Matchinsky and 
Thalmann, 1967) this structure seems very likely to be the generator 
of the ERP. Further support for this assumption has been supplied by 
Tasaki and Spyropoulos (1959). Moving an electrode along the epithe­
lial wall of the scala media, after removal of Reissner's membrane, 
they found the highest positive potential near the surface of the stria 
vascularis. The organ of Corti is excluded as a source of the ERP, 
because this potential is present in animals which lack the organ of 
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Corti through hereditary or pathological causes (Davis et al,, 1958; 
Tasak i and Spyropoulos, 1959). 
A particularly intngueing phenomenon is that prolonged anoxemia 
lowers the E R P beyond zero to negative values of 40-50 m V within a 
few minutes, whereupon the potential gradually returns to zero in one 
or two hours (Konishi et al., 1961). Measurements of the endolym-
phatic K + / N a + ratio during anoxemia revealed no great changes in 
this ratio in the first minutes when the potential becomes negative, 
while the ratio dropped concurrently with the return of the negative 
potential to zero, suggesting that the negative potential represents an 
ionic diffusion potential (Johnstone, 1965). 
Johnstone (1967) proposed that the E R P could be a N a + diffusion 
potential of a similar na ture to that developed during the peak of an 
action potential in a nerve. This would require a permeability ratio of 
K.Na of 1:50. T h e negative potential arising after anoxemia was ex-
plained by assuming a change in this permeability ratio to 5:1, caused 
by lack of oxygen or accumulation of metabolites. According to Konishi 
et al. (1967) and Konishi and Kelsey (1968 c) this negative potential 
may represent a depolansat ion potential of the cells of the organ of 
Corti . Alternatively Johnstone (1967) suggested that the positive po-
tential could be generated directly by an electrogemc chloride a n d / o r 
potassium pump 
An active role of Reissner's membrane m the generation of the E R P 
has been proposed by von Ilberg and Imamura (1966) . T h e y reported 
that after perfusion of the scala vestibuh with oil the positive E R P 
was greatly and irreversibly decreased. Moreover, they demonstrated 
a potential difference generated by isolated pieces of Reissner 's mem-
brane, mounted in an Ussing chamber with normal Ringer solution on 
both sides. In two cases this potential could be affected by D N P , but 
not by ouabain, 
Considering these findings no definitive conclusion can be drawn 
concerning the exact nature of the E R P . From the strong dependence 
of this potential on the oxidative metabolism the involvement of the 
stria vascularis in the maintenance of this potential seems highly likely. 
3. I n t r a c e l l u l a r D C p o l a r i s a t i o n s 
T h e organ of Corti (sensory and supporting cells) has consistently 
been reported to have a negative polarisation of about 50-80 m V rela-
tive to the perilymph (von Békésy, 1952; Tasak i et al., 1954; Butler, 
1965, Konishi and Kelsey, 1968 c ) . On ly few data are available on the 
intracellular potentials of the epithelium lining the scala media. V o n 
Békesy (1952) observed negative potentials of about 20 m V relative 
to perilymph in Reissner 's membrane and of 40 m V in the supporting 
cells of the organ of Corti . Th i s latter finding has been confirmed by 
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Lawrence (1967). The negative polarisation of the cells of the stria 
vascularis (von Békésy, 1952) has not been confirmed by other 
authors. Tasaki et al. (1954) only measured positive potentials in this 
area. To explain the difference between their observations and those 
of von Békésy, they suggested that their findings could be due to injury 
caused by the electrode, resulting in leakage of positive charge from the 
scala media. Butler (1965) demonstrated that the negative potential in 
the organ of Corti decreased linearly with the K+ concentration in the 
scala tympani, and he suggested that this potential is of extracellular 
origin. However this seems highly unlikely in view of the high permea-
bility of the membrana basilaris and the extracellular ionic contents of 
the cortilymph (Chapter II, 3 c) . Komshi and Kelsey (1968 a, b) 
showed no change in this potential after the introduction of tetrodotoxin 
or Na+ free solutions into the scala tympani. The effect of prolonged 
anoxemia was much slower than for the CMP and ERP, a decrease 
of only 409^ being found after thirty minutes (Butler, 1965). A de-
pressing effect of NaCN introduced into the scala tympani on this 
potential has also been described (Konishi and Kelsey, 1968 c). 
In spite of the few data reported on the DC polarisations of the 
epithelium lining the endolymphatic space, the cell interior is most likely 
negatively charged with respect to the outer side. As for the cells of 
the organ of Corti it seems confirmed that this potential is mainly built 
up by the K+ gradient across the cell membrane, as has been demon-
strated m many other cells. 
4. C o c h l e a r m i c r o p h o n i c p o t e n t i a l 
The cochlear microphonic potential (CMP) is an alternating electrical 
potential which at low and moderate sound intensities accurately and 
without measurable phase difference reflects the displacement of the 
basilar membrane or more exactly the displacement of the hair-bearing 
ends of the hair cells (lamina reticularis) relative to the membrana 
lectoría (von Békesy, 1960, Davis, 1957, 1961). There is no true 
threshold and no refractory period up to frequencies of 100 kc. The 
CMP can be measured on the outer side of the cochlea (e.g. at the 
round window) but also, and with greater amplitude, in the cochlear 
structures and fluids. The CMP for both low and high frequencies can 
be derived from the basal turns, in the apical turns only responses to 
low frequencies can be found (Tasaki et al., 1952). This agrees with 
the mechanical movement of the basilar membrane (von Bekesy, 1960). 
The CMP, like the positive ERP, has been shown to be highly depen-
dent on oxidative metabolism (Misrahy et al., 1958 a; Konishi et al., 
1961; Rice and Shinaberger, 1961; Chambers and Lucchina, 1966; 
Konishi and Kelsey, 1968 c), although an anoxemic fraction of about 
]0r/( persists for hours after death (Davis, 1957). 
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Upon moving an electrode from the scala tympani through the ba-
silar membrane to the scala vestibuli, the amplitude of the CMP was 
strongly enhanced in the region of the organ of Corti, sometimes 
reaching a maximum of a few mV (Tasaki, 1957). Upon entering the 
scala media, the phase of the CMP suddenly reversed, without change 
in the amplitude. During further penetration into the scala media no 
changes were observed. After penetration of Reissner's membrane the 
amplitude immediately decreased, without change in the phase however. 
These findings strongly suggest that the CMP is generated at or near 
the lamma reticularis. Davis. (1957, 1961) concluded that it represents 
a current flow across the hair bearing surface of the hair cells, as the 
membrane resistance changes with deflection of the hairs of the hair 
cells. This current was suggested to be driven by the ERP and the 
negative DC polarisation of the hair cells. 
Additional support for this assumption can be derived from several 
experiments. A DC polarising current, with the positive pole in the 
scala media or vestibuli and the negative pole in the scala tympani, 
increased the amplitude of the CMP. A current flowing in the reverse 
direction diminished the amplitude (Tasaki and Fernández, 1952; 
Tasaki et al., 1954; Konishi and Yasuno, 1963). Application of hydro-
static pressure to the various cochlear compartments showed that 
moving the organ of Corti to the scala vestibuli reduced the ERP and 
moving it to the scala tympani increased that potential (Tasaki et al., 
1954). These effects are presumably due to a decrease and increase of 
the leakage current from scala media to scala tympani (Johnstone and 
Johnstone, 1966). Moreover, Johnstone et al. (1966) showed a decrease 
of the effective resistance of the scala media from a loud sound resulting 
in a voltage drop of 6 mV. 
In addition the CMP, like the positive ERP, was depressed, when 
endolymph was replaced by a K+-poor solution (Konishi et al., 1966). 
On replacement of scala vestibuli perilymph with K+-rich solutions no 
clear effect on the CMP could be found. However, when a K+-rich 
solution was introduced into the scala tympani CMP was strongly 
depressed (Tasaki and Fernández, 1952; Tasaki et al., 1954, Butler et 
al., 1962). From the lack of an effect on the CMP of replacing scala 
tympani perilymph with Na+-free solution or a solution containing te-
trodotoxin, Konishi and Kelsey (1968 a, 1968 b) concluded that this 
potential is dependent on the high K+ concentration in the endolymph 
The lack of effect of tetrodotoxin has been confirmed by Katsuki et al. 
(1966), using an lontophoretical technique. Butler (1965) demonstrated 
that the decline of the CMP after anoxemia closely follows that of the 
algebraic sum of ERP and the negative potential of the organ of Corti, 
i.e the DC gradient across the lamina reticularis, suggesting that the 
CMP represents a modulation of both resting potentials. 
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The involvement of an active cation pump in the generation of the 
CMP has recently been suggested by Matsuura et al (1968) He found 
that the CMP recorded from the hair cells of the saccular macula of 
the goldfish was inhibited by ouabain applied to the perilymphatic side 
but not to the endolymphatic side, Application of a solution containing 
120 mM K"1" showed the same effect. 
From the reported data it may be concluded that the existence of the 
CMP is highly dependent on the presence of the ERP and the negative 
DC polarisation of the hair cells. In addition many experiments are in 
favour of the hypothesis that the CMP would represent an alternating 
current, governed by changes m the resistance of the lamina reticularis. 
5. E l e c t r i c a l p h e n o m e n a in t h e a v i a n c o c h l e a 
The same potentials demonstrated in the mammalian cochlea have been 
observed in the cochlea of birds, although they are smaller in magnitude 
(Schmidt and Fernández, 1962), 
The ERP of about 20 mV in the avian cochlea appeared to be highly 
sensitive to anoxia and higher than the resting potentials in the laby-
rinthine parts of the endolymphatic system, as has also been demon-
strated in mammals (Smith et al., 1958). The labyrinthine potentials 
have been shown to be independent of the cochlear resting potential 
(Schmidt. 1963 b) . 
In view of these findings it may be concluded that no essential dif-
ferences seem to exist between the electrical phenomena m the mamma-
lian and the avian cochlea. 
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CHAPTER IV 
C A T I O N T R A N S P O R T A N D T H E N a + - K + - A T P a s e S Y S T E M 
1. I n t r o d u c t i o n 
It has now been widely accepted that the maintenance of the high K + 
and low N a + concentrations in most animal cells, against the reverse 
concentrations in the extracellular medium, depends on a cation pump 
or t ransport system. T h i s system moves cations through cell membranes 
against their electrochemical gradients, which process is defined as 
active t ransport (Ussing, 1949). Since active transport is an energy-
requiring process, it appeared likely that A T P provides the energy for 
this process. Definitive proof was supplied by experiments in which 
A T P was introduced into resealed erythrocyte ghosts ( G a r d o s , 1954) 
and into the squid giant axon (Caldwell et al., 1960). T h i s explains the 
inhibition of active cation transport by inhibitors of energy metabolism 
In addition active cation transport can be specifically inhibited by 
cardiac glycosides, as first shown by Schatzmann (1953) in erythro­
cytes. In 1957 Skou reported that particles from crab nerve homoge-
nates contained a M g 2 + activated A T P a s e activity, which could be in­
creased by the simultaneous addition of N a + and K + ions. T h e in­
creased activity could be inhibited by cardiac glycosides (Skou, 1960). 
T h e s e findings led him to suggest that this N a + - K ~ activated A T P a s e 
( N a + - K + - A T P a s e ) activity might be involved m active cation transport 
across the cell membrane. Subsequently, the N a + - K + - A T P a s e system 
has been demonstrated in a great variety of tissues and shown to be 
intimately connected with active cation transport in many biological 
systems. 
2. D i s t r i b u t i o n o f t h e Na+'K" 1 - - A T Ρ a s e s y s t e m a n d 
c o r r e l a t i o n w i t h c a t i o n t r a n s p o r t 
T h e discovery of the N a + - K + - A T P a s e activity in crab nerve mem­
branes has been followed by a great number of publications demon­
strating the presence of this enzyme system in a great variety of tissues 
from various animal species, including invertebrates, and recently it 
has even been demonstrated in bacteria (Hafkenscheid a n d Bonting, 
1968, 1969). 
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Post et al. (1960) and Dunham and Glynn (1961) showed the 
presence of this enzyme system in erythrocyte membranes. Moreover, 
it appeared from experiments with resealed erythrocyte ghosts that the 
properties of the enzyme system were in good agreement with the 
properties of the cation transport system (Dunham and Glynn, 1961; 
Post et al., 1960; Whittam, 1962). 
In a systematic study on the cat Bonting et al. (1961 a) showed the 
Na+"K+-ATPase activity present in nearly all tissues. It was only 
absent in noncellular tissues or tissues with low cell density. The 
highest activities have been shown in tissues with a secretory function 
such as chonoid plexus (Vates et al., 1964), rectal gland of elasmo-
branchs (Bonting, 1966), nasal gland of marine-birds (Bonting et al , 
1964a), kidney (Bonting et al., 1961 a, 1962) or in tissues involved 
in excitatory processes such as nerve (Jarnefelt, 1961), brain (Bonting 
et al., 1961 a, 1962), retina (Bonting et al., 1964c) and electroplax 
(Bonting et al., 1961 b) . In another report Bonting and Caravaggio 
(1963) demonstrated a close quantitative correlation between the 
Na+-K+-ATPase activity and the cation fluxes in a variety of tissues, 
calculating an average cation/ATP ratio of 3. 
Tosteson et al. (1960) and Baker and Simmonds (1966) were able 
to show that the erythrocytes of certain varieties of sheep and opossum 
with a high content of potassium show a much higher Na+ -K - -ATPase 
activity than those with a low concentration of potassium. Wiley 
(1969) demonstrated that erythrocytes from patients with hereditary 
spherocytosis, show a high sodium leak into the cell which was accom-
panied by an enhanced Na+-K+-ATPase activity. When ducks were 
transferred from a fresh water to a salt water diet, an increase was 
observed in the Na+-K+-ATPase activity of the nasal gland, which 
serves as an extrarenal Na+-secretory system (Fletcher et al., 1967). 
In the developing brain a parallel increase has been found between 
Na+-K+-ATPase and neural activity (Bignami et al., 1966; Abdel-Latif 
et al., 1967). These examples clearly show the role of the Na+-K+-
ATPase system in active cation transport. 
The localisation of the enzyme activity in the cell membrane, a pre-
requisite for its physiological role, has been confirmed by various 
authors: nervous tissue (Bonting et al., 1962; Cummins and Hyden, 
1962), erythrocytes (Post et al., 1960; Dunham and Glynn, 1961), 
liver (Bonting et al., 1962; Emmelot and Bos, 1966), kidney (Landon 
and Noms, 1963), muscle (Fortius and Repke, 1967), intestine (Berg 
and Chapman, 1965, Rosenberg and Rosenberg, 1968). 
3. P r o p e r t i e s of t h e Na + -K + - A T P a se s y s t e m 
The enzyme system requires for activation Na+ and K+ together, in 
addition to Mg'¿+. K+ can be replaced by NH4+, Rb+ and Cs+ . Although 
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there are slight differences in the concentrations of Na+ and K+ giving 
half maximal activity in various tissues, activation by K+ in the presence 
of Na + occurs at much lower concentrations than by Na+ in the pre-
sence of K+ (Skou, 1957; Post et al., 1960, Bonting et al., 1964 a; Bon-
ting, 1966; Bakkeren and Bonting, 1968). From experiments with 
erythrocyte ghosts (Post et al., 1960; Dunham and Glynn, 1961; Whit-
tam, 1962; Garrahan and Glynn, 1967 a, b) and nerve axons (Baker, 
1963, Baker and Connelly, 1966, Baker et al., 1969) it has been shown 
that K+ activates on the outside of the membrane and Na+ on the inside 
of the membrane. A high concentration of K+ on the inner side can 
compete with Na+ and inhibit transport. 
The only substrate that can be utilised is ATP, with UTP, ITP and 
G T P little or no activity could be found (Skou, 1960; Post et al., 1960). 
The pH optima for Na+-K+-ATPase activities from various tissues 
may vary slightly (7.0-7.5) but they are very different from those of 
the glycoside-msensitive residual Mg2 +-ATPase, which range from 
8.4-8.9 (Skou, 1960; Taylor, 1962, Bonting et al., 1964a; Bonting. 
1966; Rosenberg and Rosenberg, 1968; Ridderstap and Bonting, 
1969 a, b) . 
The Na+-K+-ATPase activity is specifically inhibited by cardiac 
glycosides. Although the sensitivity of the enzyme system in various 
tissues and animal species may vary, there is a striking resemblance 
between enzyme and transport system in relation to inhibition by car-
diac glycosides (Post et al., 1960; Vates et al., 1964; Ridderstap and 
Bonting, 1969 a, b) . The inhibitory effect of cardiac glycosides in both 
systems at partially inhibitory concentrations may be antagonised by 
raising the K+ concentration (Dunham and Glynn, 1961; Bonting et al , 
1963; Judah and Ahmed, 1964). A stimulatory effect of cardiac gly-
cosides at very low concentrations has been demonstrated for the 
enzyme activity (Bonting et al., 1964 a; Bonting, 1966; Vates et al., 
1964; Palmer et al., 1966), and this biphasic effect has also been shown 
in transport inhibition (Palmer and Nechay, 1964; Oppelt and Palmer, 
1966; Ridderstap and Bonting, 1969 b) . Although chemically different 
from the digitalis substances, erythrophleum alkaloids are also strongly 
inhibitory to Na+-K+-ATPase and cation transport (Bonting et al., 
1964 b; Vates et al., 1964; Ridderstap and Bonting, 1969 b) . Low 
concentrations of Ca2 + inhibit enzyme activity and cation transport 
(Skou, 1957; Hoffman, 1962) presumably by the formation of a Ca2"1"-
A T P complex which may be competitive with the Mg-*-ATP substrate 
complex (Epstein and Whittam, 1966). 
From these observations it may be concluded that de Na+-K+-
ATPase activity m a great variety of tissues represents the same en-
zyme system. 
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4. F u n c t i o n of t h e N a + - K + - A Τ P a se s y s t e m 
The primary function of the cation pump is to maintain the ionic con­
centration gradients between intra- and extracellular compartments 
necessary for cell metabolism and prevention of swelling of the cell. 
In addition the cation pump plays a central role in other processes. In 
excitatory tissues such as nerves and muscles, it maintains and restores 
the ionic gradients after depolansation. 
The enzyme system has also been shown to play an important role 
in secretory processes which depend on an active N a + transport, such 
as the formation of aqueous humor (Bonting and Becker, 1964), cere­
brospinal fluid (Vates et al., 1964) pancreatic juice (Ridderstap and 
Bonting, 1969 a, b) and in sweat secretion (Siegers, 1968). In the nasal 
gland of marine birds (Bonting et al., 1964 a, Fletcher et al., 1967) and 
salt gland of elasmobranchs (Bonting, 1966) it is involved in removal 
of excess Na"1" from the blood. It also functions in the reabsorption of 
N a + in kidney (Palmer and Nechay, 1964; Katz and Epstein, 1967) 
and toad bladder (Bonting and Canady, 1964). 
In addition, many instances have been found, where the transport of 
nonelectrolytes is coupled to the function of the cation pump (Crane, 
1965 ) ; Rosenberg et al , 1965, Newey et al , 1968 ). 
5. M e c h a n i s m of t h e N a + - K + - A T Ρ a s e s y s t e m 
A number of experiments during the past ten years have demonstrated 
that the hydrolysis of A T P by the Na + -K + -ATPase system does not 
occur in a single step. Skou (1960) showed that a membrane fraction, 
containing Na + -K + -ATPase activity, could also catalyze an ATP-ADP 
exchange reaction, suggesting the formation of a phosphorylated inter­
mediate. The use of 3-P-labelled ATP as substrate for membrane frag­
ments revealed that this ATP-ADP exchange was activated in the 
presence of M g 2 + and N a + and that the phosphate group was trans­
ferred to some intermediate in the membrane (Albers et al , 1963; 
Charnock and Post, 1963; Heinz and Hoffman, 1965). This suggests 
that the first step consists of a N a + - M g 2 + activated transfer of an 
energy-rich phosphate to the enzyme system. Upon contact with K+ 
this phosphate group is released as inorganic phosphate into the cell 
interior (Bader et al , 1968; Fahn et al., 1968), representing the second 
step This second step can be inhibited by very low concentrations of 
cardiac glycosides (Post et al , 1965, Ahmed and Judah, 1965), while 
the N a + dependent phosphorylation is only inhibited at very high 
concentrations of cardiac glycosides. The K+-activated dephosphory-
lation step is supposed to be intimately related to the glycoside sensitive 
K+-phosphatase activity observed in various tissues (Albers and Koval, 
1966; Bader and Sen, 1966; Bakkeren, 1968). 
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Our knowledge of the structure of this enzyme system is still very 
limited, because it has not been solubihsed and therefore the normal 
techniques of structural analysis of proteins cannot be applied. Some 
models for the system have been proposed. Opit and Charnock ( 1965) 
suggested that the enzyme system has a peptide back bone, which has 
many negatively charged sites capable of binding Na+ and K+ as coun-
ter ions. When the internal Na+ concentration is high, most negative 
sites will be occupied by Na+, resulting in a phosphorylation of the 
enzyme system by ATP. This would cause the peptide chain to elon-
gate slightly and to rotate in an outward direction between two adjacent 
phosphorylation sites, The Na+-carrying sites are now positioned out-
wardly and Na+ is exchanged for K+ followed by dephosphorylation 
and backward rotation of the membrane. A somewhat similar model 
has been proposed by Albers and coworkers ( 1968), assuming that the 
enzyme system may transform from a "cis" into a "trans" form In the 
"cis" form the cation binding sites are oriented to the cell interior. 
Excess of Na+ ions activates the transphosphorylation, and the enzyme 
is transformed into the "trans" form and the binding sites oriented to 
the outside, transporting Na+ to the outside of the membrane. In the 
presence of K+, Na+ is exchanged for K+ and dephosphorylation takes 
place. The "trans" form then returns to the "cis" form, transporting 
K+ ions into the cell. 
6. P u r p o s e of t h i s i n v e s t i g a t i o n 
The purpose of this investigation was to determine whether the cation 
gradients existing between pen- and endolymph, or blood and endo-
lymph, are maintained by the Na+-K+-activated ATPase system, which 
has been shown to play an essential role in maintaining the cationic 
gradients in a great number of tissues. 
The first object was to locate the site of the cation pump system. 
Since a reliable histochemical method for the demonstration of Na~-K+-
ATPase activity is still lacking, we have obtained the quantitative distri-
bution of the enzyme activity in the cochlea by using microdissection 
and ultra-micro enzyme assay techniques. 
The second object was to demonstrate a relationship between the 
cochlear potentials and the functioning of the Na+-K+-ATPase system. 
For this purpose we made use of the specific inhibitory effect of ouabain 
on the Na+-K+-ATPase activity by perfusing this substance through 
the inner ear of the anaesthetised animal and simultaneously measuring 
its effect on the potentials. 
Finally a number of experiments were carried out to elucidate the 
nature of the large, positive endolymphatic resting potential. 
38 
CHAPTER V 
MATERIALS AND M E T H O D S 
1. M a t e r i a l s 
The following chemicals and materials were used: adenosinetriphos-
phate, disodium salt (1); ethylenediamine-tetra-acetate, disodium salt 
(2); tris- (hydroxymethyl)-aminomethane (2); erythrophleine sulphate 
(2); ouabain (3); tris-adenosinetriphosphate (4); acetazolamide (5); 
lactic acid (6); 
1. C. F. Boehringer und Soehne G.m.b.H., Mannheim, Germany. 
2. E. Merck A.G., Darmstadt, Germany. 
3. Nutritional Biochemicals Corporation, Cleveland, Ohio, U.S.A. 
4. Sigma Chemical Company, St. Louis, Missouri, U.S.A. 
5. American Cyanamid Company, Pearl River, New York, U.S.A. 
6. The British Drug Houses Ltd., Poole, England. 
2. B i o c h e m i c a l a s s a y s 
a. Animals 
Apart from the use of one day old chicken for ATPase assays, all 
further experiments have been carried out on guinea pigs. 
For both biochemical and electrophysiological experiments young 
adult guinea pigs of a pigmented strain were used 250-350 g body 
weight). In the pigmented animals the stria vascularis is pigmented, 
facilitating its recognition and separation from the other inner ear 
structures for enzyme assay. Moreover, in most animals this band of 
pigmented cells, marking the lateral wall of the scala media, is visible 
through the bony cochlear wall, indicating the right place to pierce a 
microelectrode into the endolymphatic space. 
b. Tissue preparation 
For the enzyme assays the inner ear structures of one day old chickens 
and of guinea pigs were dissected within 45 minutes after death. Im-
mediately after decapitation a piece of tissue containing the inner ear 
was separated from the skull and brought to 0° C. All further dissection 
procedures were carried out at 0° C. with the aid of a Zeiss stereo-
microscope. 
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Chicken 
In order to isolate the membranous inner ear of the one day old chicken 
a transverse section was made through the head in the otic region. The 
inner ear, extending from the middle ear to the middle of the base of 
the skull, could be recognised by its hyaline cartilaginous capsule. With 
a small piece of razor blade this capsule was carefully cut away until 
the membranous cochlear sac became exposed. After sectioning the 
acoustic nerve the whole sac could be lifted out of its capsule with fine 
forceps. For isolation of the tegmentum vasculosum the whole cochlear 
sac was placed on a glass slide and with a fine hair, mounted in glass, 
this lobulated structure could be separated from the rest. Because of 
the high viscosity of the avian endolymph, due to a high mucopoly­
saccharide content (Dohlman and Ormerod, 1960), a variable amount 
of this fluid could not be removed and adhered to the tegmentum 
vasculosum. This will result in a variable reduction of the true enzyme 
activity, based on tissue dry weight 
Guinea pig 
After decapitation the whole temporal bone of the guinea pig was 
dissected The wall of the middle ear was removed to give wide expo­
sure of the cochlea, protruding into the middle ear cavity (Fig 9) . 
Afterwards the bony cochlear capsule was carefully chipped away 
and the membranous inner ear became visible, λνιΐΐι the use of a small 
hook and fine forceps, a piece of tissue consisting of ligamentum spirale 
and stria vascularis was loosened and dissected turn by turn proceding 
from apex to base. After stretching this tissue on a glass slide, the 
pigmented stria vascularis could be scraped from the underlying spiral 
ligament with the use of a hair mounted in a holder. In order to study 
the distribution of enzyme activity in the various parts of the ligamen­
tum spirale, this structure was divided longitudinally into three parts 
with the aid of a piece of razor blade part A behind the stria vascula­
ris and bordering the scala vestibuli, part В in the region of the pro­
minentia spiralis and sulcus externus and part С bordering the scala 
tympani (Fig 23). After dissection, all tissues were frozen on dry ice 
m small glass tubes, lyophihsed for several hours in tubes with silicagel 
at -25° С and stored in vacuo at the same temperature until used No 
significant loss of activity was noted over periods of storage up to 
four weeks. For the isolation of Reissner's membrane and the organ of 
Corti another method had to be used because these structures could 
only rarely be distinguished in the fresh inner ear. 
Dissection of these structures was possible after lyophilising the 
whole cochlea. The cochlea was freed from adhering bone without 
damaging the bony cochlear capsule. Both oval and round windows 
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Fig. 9. Drawing of the position in the guinea pig middle ear of the cochlea. The 
cochlea was exposed by removal of part of the bony wall of the middle ear and of 
the main part of the tympanic membrane to obtain a better view of the windows. The 
dark area in the middle of the various turns indicates the stria vascularis. The holes 
made in the bony wall for placing the electrodes and for perfusing the scala vestibuli 
are also represented. A: position of C M P electrode, B: position of ERP electrode, 
I: inlet for perfusion, IN: incus, M: malleus, O: outlet for perfusion, R W : round 
window, ST: stapes, TM: tympanic membrane, TS: tendon of musculus stapedius, 
T T : tendon of musculus tensor tympani. 
were opened and small pieces of filter paper were introduced to remove 
the perilymph. Thereafter the freezing and lyophilisation procedures 
previously mentioned were used. For dissection, the bony cochlear 
capsule was carefully removed. Reissner 's membrane could then be 
easily discerned and isolated after loosening it from ligamentum spi-
rale and limbus spiralis with the aid of a fine hair. A n y dried lymph 
adhering to its surfaces was carefully removed. After removal of Reiss-
ner ' s membrane and the dried endolymph, the epithelial structures on 
the membrana basilaris became visible. T h e organ of Corti, forming a 
small ridge, was localised and lifted from the basilar membrane. En-
zyme assays carried out on samples of the stria vascularis, isolated 
before and after lyophylisation, did not reveal any significant difference 
in A T P a s e activity. 
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с. ATPase determinations 
(Na + -K + ) activated and Mg2 +-activated ATPase activities were deter­
mined with the method described by Bonting et al. (1963) by measuring 
inorganic phosphate liberated from the enzymatic breakdown of A T P 
in various substrate media (Table 2). This method is based on the 
Table 2 
COMPOSITION OF SUBSTRATE MEDIA USED FOR THE ASSAY 
OF NA+-K+ ACTIVATED ATPase 
Mg->+ 
Na+ 
K+ 
CN-
EDTA 
Tns-buffer pH 7 5 
ATP 
Ouabain 
A 
1 
58 
5 
10 
01 
92 
2 
~ 
В 
1 
63 
— 
10 
01 
92 
2 
— 
С 
1 
— 
5 
5 
01 
151 
2 
— 
D 
1 
57 
5 
10 
01 
91 
2 
01 
E 
1 
62 
— 
10 
01 
91 
2 
Ol 
All concentrations in mmole/1 final concentration, only other ionic species present was 
chloride 
specific properties of the (Na + -K + )-ATPase system, it requires for 
activation both N a + and K+ in the presence of M g 2 + and is specifically 
inhibited by cardiac glycosides such as ouabain, distinguishing it from 
the unspecific Mg 2 + -ATPase activity. Total ATPase activity was 
measured in medium A, containing Na + , K+, M g 2 + and no ouabain 
in addition to A T P and buffer. The media B, C, D and E are inhibi­
tory to the Na + -K + -ATPase activity through the absence of K+ or N a + 
or the presence of ouabain or the combination of absence of K+ and 
presence of ouabain. These media give only the M g 2 + activated 
ATPase activity. The difference between the activity in medium A and 
the activity in media B, C, D and E represents the Na + -K + -ATPase 
activity. Lyophilised pooled tissue samples of tegmentum vasculosum, 
stria vascularis and hgamentum spirale were weighed on a Cahn elec-
trobalance and homogenised in twice distilled water in an all glass 
Potter-Elvehjem tissue grinder (0.04-0.15 mg dr wt/100 μΐ). Aliquots 
of 10 μΐ of the homogenates were added to 150 μΐ of each of the five 
media. From these mixtures six aliquote of 10 μΐ were transferred to 
microtest tubes, three of which were incubated for 1 hour at 37° C , the 
others remained in ice and served as enzyme blanks. Enzyme activity 
was stopped by adding 45 μΐ of 109^ (w/v) tnchloro-acetic acid to 
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each tube. The same quantity of T C A was added to the blanks imme­
diately after placing the other tubes in the incubating bath. After centn-
fugation, to remove precipitated protein, 30 μΐ of the supernatant was 
transferred to another microtube, containing 30 μΐ of a colour reagent. 
The colour reagent was prepared by dissolving 400 mg FeS04 in 5 ml 
of a 1 Çr NH.j-molybdate solution in 1.15 N H_>S04 and was used 
within two hours after preparation. The resulting colour was measured 
between 2 and 120 minutes after mixing at 700 ηιμ in a Zeiss spectro­
photometer ( P M Q II) fitted with a microcuvette attachment. In each 
experiment inorganic phosphate standards were included to convert the 
extinction into moles of inorganic phosphate liberated/hour/kg dry wt. 
For this purpose 4 μΐ of a solution of 50 mM KH2PO4 was added to 
200 μΐ and 400 μΐ medium A From this mixture three ahquots of 10 μΐ 
were put into microtest tubes and 45 μΐ T C A was added. To 30 μΐ of 
this mixture 30 μΐ of colour reagent was also added and the resulting 
colour was measured. Ahquots of 10 μΐ medium A were treated in the 
same way and served as reagent blank Because collection of quantities 
of Reissner's membrane and organ of Corti sufficient for homogemsa-
tion was not feasible, lyophihsed samples of these structures (0.6-2.0 
μ$) were weighed on a quartz-fiber balance (Lowry. 1953; Bontmg and 
Mayron, 1961 ) and were directly transferred to 10 μΐ of the incubation 
0.050 0100 0150 0200 0250 0.300 0350 0400 E 7 0 0 
Fig 10 Calibration curve for the determination of inorganic phosphate. 
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media and treated as described before. In order to check the colon-
metric method with our equipment we have carried out the whole pro-
cedure with medium A, to which were added various amounts of in-
organic phosphate . T h e results shown in Fig. 10 demonstrate the re-
quired linearity. 
3. P o t e n t i a l r e c o r d i n g 
a. Surgical procedure 
T h e animals were anaesthetised with sodium pentobarbital (30 m g / k g 
body weight) administered intrapentoneal ly During the experiment 
additional doses were given as required to maintain deep anaesthesia 
T h e animals were tracheotomised and the trachea was cannulated to 
avoid a i rway obstruction. In addition this allowed us to make the animal 
respire gas mixtures of different composition In order to reach the 
inner ear a skin incision was made in the posterior mandibular region. 
T h e muscles and blood vessels were loosened from the mandíbula 
and pushed away with a wound retractor. T h e mandíbula was cut and 
the posterior portion removed. Thereaf ter the underlying muscles 
were retracted and the bulla tympanica became visible. From this point 
all further manipulations were carried out with the aid of a Zeiss 
operating microscope W i t h a dental drill part of the bony wall of the 
air filled bulla was carefully removed and the cochlea protruding into 
it was exposed (F ig . 9) In animals used for measuring the cochlear 
microphonic potentials, special care was taken to avoid damage of the 
tympanic membrane O n l y animals with a middle ear cavity free of 
any sign of present or healed otitis were used in our experiments 
In order to perfuse part of the perilymphatic space two holes of 
approximately 100 μ were made in the bony wall of the scala vestibuh, 
one in the middle of the second turn and the other near the oval window 
(Fig 9 ) . T h e holes were drilled with a very fine motor driven drill, 
sharpened under a dissecting microscope and mounted on a micro­
manipulator In the animals used for measuring the cochlear micro­
phonic potential a third hole was made between the previous two, for 
insertion of the wire electrode (Fig 9 ) . F o r measuring the endolym­
phatic potential a small window was made in the same region, just 
above the scala media, allowing us to place a glass capillary electrode 
into the endolymphatic space 
b Cochlear microphonic potential 
All potential recordings were carried out in a soundproof, electrically 
shielded room. T h e microphonic potential was recorded by means of a 
nichrome wire electrode (100 μ) placed in the hole made in the scala 
vestibuh in the middle of the first turn (Fig 9) and an indifferent 
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electrode in the neck tissue. The recording electrode was insulated by 
dipping it into a resin solution, leaving small globules on the wire sur­
face. The wire was cut just beyond one of those globules, thus preven­
ting too deep penetration of the electrode into the scala vestibuli as well 
as outflow of the perfusion fluids. 
The cochlear signals were amplified (1000 x) with a Tektronix 
differential amplifier and from there displayed on an oscilloscope screen 
and registered. The sound stimuli, consisting of pure tones in the fre­
quency range of 500-8.000 cps, intensity 80 dB re 0.0002 dyn/cm2, 
were produced by a condenser telephone driven by a beat frequency 
oscillator (Briiel and Kjoer, type 1014). This telephone was fixed in a 
small polyethylene container, which was fitted in an ear speculum. The 
speculum was securely fixed in the external auditory meatus. Sound 
pressure was measured with the aid of a probe microphone in the side 
wall of the container. The quality of the sound stimulus could be ob­
served by visualizing the output of the probe microphone on the os­
cilloscope screen. The stimulating and recording circuit are schema­
tically represented in fig. 11. 
beat 
frequency 
oscillator 
ossicular chain speculum condensor telephone 
Fig. 11. Schematic representation of the equipment used for recording the cochlear 
potentials and for perfusing scala vestibuli. The upper part of this figure shows the 
recording circuit for the endolymphatic resting potential ( E R P ) , the lower part the 
stimulating and recording circuit for the cochlear microphonic potential ( C M P ) . 
c. Endolymphatic resting potential 
The endolymphatic resting potential was measured with glass pipette 
electrodes with tip diameters ranging from 5-15 μ and filled with isoto­
nic KCl solution. The pipettes were fixed with wax into a wider glass 
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tube filled with the same solution and containing a chloride coated 
silver wire. T h e silver wire was connected to a D C voltage amplifier 
( S . M I.: Rijswijk, T h e Nether lands, type MB-01) with an input im­
pedance of 10 1 і г Ω a n d a grid current of 10~12 A . T h e output of the 
D C amplifier w a s delivered to a D C microvoltmeter (Philips, G M 6020) 
a n d read directly from the scale, or fed to a recorder for permanent 
recordings. A chloride coated silver wire, housed m a wide tube filled 
with Ringer and placed in the neck tissue served as the reference elec­
trode. 
Before penetrat ing the endolymphatic space the pipette electrode, 
mounted on a micromanipulator, was brought into contact with the 
ligamentum spirale, previously exposed by removing the bony capsule 
(Fig . 9 ) . After compensating for the junction potential, the pipette was 
slowly advanced through the l igamentum spirale and stria vascularis 
until the positive endocochlear potential was observed, which remained 
constant upon further penetration. W h e n measuring this potential, 
special care was taken to fix the head of the animal firmly to the opera­
ting table with a metal holder. S u d d e n movements would damage the 
cells of the stria vascularis m the neighbourhood of the electrode or 
even disrupt Reissner 's membrane, resulting in a decrease of the poten­
tial. 
At the end of the experiments the electrode was wi thdrawn a n d 
checked on the outer side of the l igamentum spirale for any change in 
the junction potential. T h e recording circuit is given in Fig. 11. 
d. Perfusion technique 
Perfusion of the perilymphatic space (scala vestibuli) was performed 
by inserting a small glass pipette (75-100 μ tip diameter) in the hole 
made in the second turn of the scala vestibuli ( Figs. 9 and 11). Because 
this hole was tapered, the pipette could be inserted without any signi­
ficant leakage of fluid. T h i s glass pipette was connected by a small 
polyethylene tube to a mechanically driven all-glass syringe. T h e hole 
in the scala vestibuli near the oval window served as an outlet. T h e 
outflowing fluid was absorbed by small plugs of cotton wool m the 
bottom of the middle ear cavity. T h e excess fluid w a s removed by 
continuous suction, thus avoiding massive entry of the perfused sub­
stances into the circulation and at the same time keeping the fluid a w a y 
from the windows. T h e cochlear microphonic potential appeared to be 
depressed when fluid accumulated at the windows, probably because 
sound transmission was decreased. Suction had to be done silently, 
since any noise close to the inner ear depressed the cochlear micro­
phonic potential a n d also had some slight effect on the endolymphatic 
potential. 
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In most experiments the stability of the potentials was checked by 
perfusing the perilymphatic space for five minutes with a normal Ringer 
solution. In this way pressure effects, caused by obstruction of the 
outflow opening or injury of the epithelial wall of the endolymphatic 
space both resulting in changes in cochlear potentials, could be ex­
cluded. 
The routinely used perfusion rate was 10 μΐ/min. The volume of the 
perfused space, as calculated from the cochlear dimensions reported 
by Fernández (1952), is approximately 3 μΐ, and the perilymph pro­
duction vanes between 1 and 3 μΐ/min. (Rauch, 1964), Therefore this 
perfusion rate seemed to be sufficient to replace the perilymph comple­
tely. All fluids used for perfusion were gassed with a mixture of 
95% Oa - S'/c C O j and slightly warmed. The pH, measured imme­
diately before the start of perfusion, was 7 3-7.4 and appeared to be 
raised to 7.8-7.9 after 60 mm. perfusion. The composition of the stan­
dard perfusion fluid, which showed no effect on the cochlear potentials 
is given in Table 3. This fluid will be indicated as Ringer or normal 
Ringer's solution. 
Table 3 
C O M P O S I T I O N O F T H E P E R F U S I N G FLUID * 
NaCl 124 
KCl 3 
CaChi 1 3 
MgCla 0 8 
N a H C O i 25 
K H i P 0 4 0 5 
Κ ϊ Η Ρ θ 4 0 5 
* All concentrations m mmole/1, pH adjusted to 7 4 
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CHAPTER VI 
OCCURRENCE AND DISTRIBUTION OF T H E 
Na+-K+-ATPase ACTIVITY IN T H E CHICKEN COCHLEA 
1. I n t r o d u c t i o n 
Although the available data are not as exact as those for mammalian 
cochlea, the endolymph of the avian cochlea appears to contain three 
times more potassium than sodium (Johnstone et al., 1963). This im-
plies the existence of a cation gradient, which has to be maintained by 
an active cation transport mechanism. Moreover the cochlear potentials, 
which are present in mammals and have there been shown to be de-
pendent on the cation composition of the cochlear fluids (Chapter III) 
have also been demonstrated in birds (Schmidt and Fernández, 1962, 
Schmidt, 1963). Therefore it seemed justified to look for the presence 
and localisation of the Na+-K+-ATPase activity, shown to be intima-
tely involved in active cation transport. The dissection of the cochlear 
structures of one day old chickens is easier than in mammals, because 
the chicken skull consists mainly of cartilage and soft bone. Hence we 
started enzyme assays on these structures, rather than on the guinea 
pig cochlear structures. 
2. D i s t r i b u t i o n of t h e Na + -K + - A T P a s e a c t i v i t y 
in t h e c h i c k e n c o c h l e a 
The cochlear structures of one day old chickens (Chapter I, 11) were 
dissected and lyophihsed as reported in Chapter V, 2. The ATPase 
activities were determined in the various substrate media mentioned 
in Chapter V, 2. The Na+-K+-ATPase activity is represented by that 
part of the ATPase activity in the complete medium, that can be inhi-
bited by the omission of Na+ or K+ or by the addition of ouabain. 
Enzyme assays on the whole cochlear sac revealed an absolute activity 
for Na+-K>-ATPase of 1.9 (SE: 0.4) and for M g ^ - A T P a s e of 4.2 
(SE: 1.0) expressed in moles A T P hydrolysed per kg dry weight per 
hour at 37° С (Table 4) . 
In order to look for the distribution of the enzyme activity in the 
various structures of the cochlea, the tegmentum vasculosum was dis­
sected and separately assayed for enzyme activity. The relative ATPase 
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T a b l e 4 
ATPase ACTIVITIES IN CHICKEN COCHLEAR TISSUES 
ΠΕΙ ЛТІ І AC1IVITILS IN TEGMENTUM VASCULOSUM HOMOGbNATES 
Medium 
A (complete) 
В (no K+) 
С (no N a + ) 
D ( 1 0 - 4 M ouabain) 
E (no K·-, 10-1 M ouabam) 
Average for media B, C, 
ABSOLUTE ACTIVITIES 
Whole cochlear sac 
Teqmentum vasculosum 
D and E 
Na + -
1 9 ± 
5 0 ± 
K+-ATPase 
0 4 
0 5 
% 
100 
66,6 ± 3 1 
65 3 ± 4 2 
66 3 ± 5 9 
59 3 + 3 0 
64 4 ± 3 2 
M g ^ - A T P a s e 
4 2 + 1 0 (3) 
9 3 ± 10 (7) 
Relative activities given with SE for 5 determinations Absolute activities (means 
with SE and in parentheses number of determinations) are expressed in moles ATP 
hydrolysed per kg dry weight per hour at 37° С 
activities in the various substrate media and the absolute activities are 
given in Table 4 It appears from these data that the Na + -K + -ATPase 
activity is predominantly located in the tegmentum vasculosum, which 
has an activity of 5 0 moles/kg dry wt/hr. 
The four inhibitory media caused approximately the same degree of 
inhibition, so the Na + -K + -ATPase activity represents 36c/c of the total 
ATPase activity. 
3 P r o p e r t i e s of A T P a s e a c t i v i t y 
As demonstrated in various tissues there is an agreement in the effect 
of cations on the Na^-K+'ATPase activity and on the cation transport 
system (Chapter IV) . Therefore the effects of Mg 2 + , N a + and K+ on 
the Na + -K + -ATPase activity of the chicken tegmentum vasculosum 
were studied In addition the inhibition by ouabam and the pH depen­
dence were determined. 
The effect of Mg' 2 + on the ATPase activities shown in Fig 12, was 
investigated by varying the Mg'2+concentration from 0-6 mM in the 
media A and E containing 2 mM ATP. Medium E gave Mg-+-ATPase 
activity, while the difference between the activities m medium A and E 
gave Na T -K + -ATPase activity. A slight activity of both ATPase acti­
vities was present without added Mg 2 + . Na+-K+activated ATPase was 
maximal at 1 mM M g 2 + and M g 2 + activated ATPase at 2 mM Mg->+. 
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J ι J ι ι L 
1 2 3 4 5 6 
m m oles /l Mg' 
Fig 12 Effect of M q 2 + concentration on N a ' - K ' ATPase activity (o o) and 
Mg'2 +-ATPase activity ( · · ) in homogenates of chicken tegmentum vasculosum 
Activities were measured in media A and E to which MgCla (0-6 mM) was added 
Medium E (no Κ 1 ΙΟ-'1 M ouabain) gave Mq 2 + -ATPase activity, while the difference 
between activities in media A (complete) and E gave Na+-K"''-ATPase activity. 
J | I J I L 
10 20 25 50 100 150 
m moles/l Να 
Fig 13 Effect of N a + concentration on Na^-K+'ATPase activity in homoqenates of 
chicken tegmentum vasculosum Increasing amounts of NaCl were added to medium 
С (no N a + ) , while the K + concentration was kept at 5 mM 
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Therefore the enzyme activities obtained from our routinely used me­
dium, containing 1 mM Mg- + represent the optimal Na + -K + -ATPase 
activity but only 849^ of the optimal Mg 2 + -ATPase activity. 
The Na+-activation curve, in the presence of 5 mM K+ for the 
Na + -K + -ATPase system is shown in Fig. 13. The activity was mea­
sured in medium С to which increasing amounts of NaCl were added 
(0-150 mM). Maximal activity was obtained at 25 mM Na + , while at 
higher N a + concentrations the enzyme activity decreased to about 30% 
of the maximal activity. Half maximal activation occurred at 4.9 mM 
Na + . 
The activation of the Na + -K + -ATPase system by K+ in the presence 
of 63 mM N a + is shown in Fig. 14. This curve was obtained by adding 
graded amounts of KCl to medium В (no K + ) . Maximal activation of 
10 0 
35 -40 
mmoles/l K+ 
Fig 14 Effect cf K + concentration on Na^K^-ATPase activity in homogenates of 
chicken tegmentum vasculosum Graded amounts of KCl were added to medium В 
(no K + ) , keeping the N a + concentration at 63 mM Medium E (no K+, ΙΟ - 1 M 
ouabain) qave Mg 2 + -ATPase activity 
the Na + -K + -ATPase was obtained with 5 mM K+, while higher con­
centrations were slightly inhibitory. Half maximal activation occurred 
at 0.9 mM K+. The slight activity without added KCl, is presumably 
due to partial activation of the enzyme by a small amount of tissue po­
tassium, since the activity in medium В without K+appeared to be higher 
than m medium E (no K+, ΙΟ - 4 M ouabain), which was considered 
to represent only Mg 2 + -ATPase activity (Table 4) . 
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The inhibitory effect of ouabain in various concentrations on the 
Na + -K + -ATPase activity is given in Fig. 15. This inhibition was deter-
6 5 4 3 2 
лед log molar ouabain concentration 
Fig. 15. Effect of ouabain on Na + -K + -ATPase activity in homogenates of chicken 
tegmentum vasculosum. ATPase activity was determined in medium A containing 
various concentrations ouabain ( 10_ ! ,-10_ 2 M ) . The activity in medium E (no K+. 
ICM M ouabain) was taken to represent Mg"2 +-ATPdse alone. The pió« is the negative 
logarithm of the molar ouabain concentration causing SOVr inhibition. 
mined by measuring enzyme activity in medium A to which ouabain 
was added (10-2-10-9 M ) . The activity in medium E (no K+. 10-» M 
ouabain) was taken to represent Mg2 +-ATPase activity alone. The 
negative logarithm of the half maximal inhibition concentration was 5.7. 
Maximal inhibition was obtained at IO'4 M, the same concentration as 
routinely used in our substrate media. A slight stimulation of 15 (SE: 
2.2)% occurred at very low ouabain concentrations (IO-8 M ) . 
The pH-activity curve was obtained by measuring ATPase activities 
in the media A and E. prepared with Tris-HCl buffers in the pH range 
from 6.5-9.5. The pH optimum for the Na+-K+-ATPase was 7.3 and 
for Mg2 +-ATPase 8.4 as shown in Fig. 16. 
4. D i s c u s s i o n a n d c o n c l u s i o n s 
From the data presented in Table 4 and Figs. 12 to 16 it may be con-
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Table 5 
P R O P E R T I E S O F T H E Na+.K^-ATPase SYSTEM IN VARIOUS S P E C I E S 
A N D T I S S U E S 
Tissue 
Nerve 
Intestine 
Salt gland 
Lens 
epithelium 
Rectal 
gland 
E c o h 
Liver 
Pancreas 
Kidney 
Species 
Crab 
Guinea pig 
Herring gull 
Rabbit 
Spiny 
dogfish 
E c o h 
Rat 
Rabbit 
Rat 
M g 2 + - A T P 
opt 
2 
— 
1 5 
— 
15 
1 
I 
15 
0 5 
N d + 
K 
6-8 
10 
12 5 
. • 
117 
— 
6 
10 
8 
Na+-K 
K» 
к 
111 
18 
0 5 
1 5 
0 4 
10 
4 3 
0 9 
0 8 
0 7 
-^-ATPase 
pH 
opt 
7 2 
7 5-8 0 
7 2 
7 3 
7 0 
7 7 
7 3 
7 2 
7 4 
ouabain 
pho 
3 9 
5 4 
6 3 
5 9 
6 8 
± 4 
3 9 
5 4 
3 9 
activity 
MKH 
_ 
— 
2 7w 
0 15w 
5 7d 
0 24d 
0 37 
0 23d 
6 8d 
Mg 2 + -ATPase 
activity 
MKH 
i , 
— 
14w 
0 06w 
2 9d 
2 5d 
3 6d 
2 7d 
9 3d 
pH 
opt 
_ 
— 
8 7 
8 4 
8 9 
8 7-8 
8 7 
8 8 
8 7 
Reference 
Skou (1957, 1960) 
Taylor (1962) 
Bonting et al (1964a) 
Bonting (1965) 
Bonting (1966) 
Hafkenscheid and Bonting 
(1968, 1969) 
Bakkeren and Bonting 
(1968) 
Ridderstap and Bonting 
1969a, b) 
ν d Beek an Bonting, 
unpublished 
Mg/ATP opt molar ratio of M g 2 - to A T P at which maximal activity occurs 
Na^K half-maximal activation concentration for Na~ in meq/1 at K+ concentration of about 5 meq/1 
K+ К half-maximal activation concentration for K~ in meq/1 at N a + concentration of about 60 meq/1 
ui pH opt pH optimum 
ouabain p b o negative log molar concentration for 50% inhibition 
activity MKH activity in moles/kg/hr, d = o n dry wt basis, w = o n wet wt basis 
10 0 
о 
6 0 
> 
4 0 
& 
2 0 
M g 2 + - A T P a s e 
14 0 
M2 0 ï 
1 90 | 
-I 6.0 8 
a 
a. 
3.0 f 
о] 
S 
6.5 70 7 5 8 0 8 5 9 0 9.5 
pH 
Fig. 16. Effect of pH on Na + -K + -ATPase activity о о and M g ^ - A T P a s e 
activity · - - - - · in homogenates of chicken tegmentum vasculosum. The pH de-
penHence was measured in media A (complete) and E (no Κ '", Ι Ο - 1 M ouabain), 
prepared with Tns-buffers in a pH range from 6.5-9.5. The Mg 2 + -ATPase activity 
was measured in medium E, while the Na + -K _ -ATPase activity was calculated from 
the difference between activities in media A and E. 
eluded that the the inner ear structures of the one day chicken contain 
a Na + -K + -ATPase system similar to that described by Skou (1957, 
1960) in crab nerve, by Post et al. ( 1960) and by Dunham and Glynn 
(1961 ) in erythrocytes and by Bonting et al. (1962) and Bonting and 
Caravaggio (1963) in a great number of tissues in which cation trans­
port against an electrochemical gradient occurs. 
As demonstrated in Table 4 and Figs. 12 to 16, the enzyme system 
requires besides M g 2 + both N a + and K+ for activation and is inhibited 
by ouabain. The concentrations of N a + (Κ,,,-^4.9 mM) and K+ (K,,, = 
0.9 mM) giving half maximal activation are in good agreement with 
those found in other tissues (Table 5). The same applies for the pH 
optimum of 7.3 of the Na + -K + -ATPase activity, while this optimum is 
very different from that found for the residual ouabain-insensitive 
Mg 2 + -ATPase activity (pH = 8.4). The half inhibition concentration 
of ouabain (ρΐ.-,ο ~ 5.7) is not very different from the value of 5.3, 
reported for the Na + -K + -ATPase activity in chicken kidney homo­
genates (Palmer and Nechay, 1964). The stimulatory effect of very 
low ouabain concentrations has also been demonstrated in the chicken 
kidney, both for the enzyme activity in homogenates and also for the 
tubular reabsorption of N a + and water in vivo (Palmer and Nechay, 
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1964). Similar biphasic effects have been reported for the production 
of cerebrospinal fluid (Oppelt and Palmer, 1966) and pancreatic juice 
(Ridderstap and Bonting, 1969 b) . 
As shown in Table 4, the Na+-K+-ATPase activity appeared to be 
predominantly located in the tegmentum vasculosum. This structure 
representing about 30/£ of the dry weight of the whole cochlear sac, 
showed an activity of 5.0 moles/kg dry wt/hr. while the enzyme acti-
vity of the total structure is only 1.9 moles/kg dry wt/hr. This means 
that the rest of the cochlear structures has an activity of only 0.6 mo-
les/kg dry wt/hr. The Na+-K+-ATPase activity of the tegmentum 
vasculosum is high in comparison with other tissues (Bonting et al., 
1961 a ) . The actual value may be even higher, as may be concluded 
from the activities obtained in Figs. 12 to 16. In those experiments a 
more complete removal of the sticky endolymph from the tegmentum 
vasculosum could be obtained, resulting in an enhancement of the 
enzyme activity to about 7 moles/kg dry wt/hr. Such high Na+-K+-
ATPase activities have only been demonstrated in epitheha with a 
secretory function like the nasal gland of marine birds (Bonting et al., 
1964 a) , the rectal gland of elasmobranchs (Bonting, 1966), the cho-
rioid plexus (Vates et al , 1964), kidney (Bonting et al., 1961 a; Bon-
ting et al., 1962) and in excitatory tissues like retina (Bonting et al., 
1964 e), brain tissue (Bonting et al., 1962) and the electroplax of the 
electric eel (Bonting et al., 1961 b) . 
Bignami et al. (1966) showed that the Na _-K+-ATPase activity in 
developing chicken brain increased parallel with the electrical activity, 
reaching about 80% of the adult value at hatching. Since the inner ear 
of the one-day chicken has a nearly adult frequency response pattern 
(Vanzulli and Garcia Austt, 1963), it seems likely that the above 
enzyme activities closely approach those of the adult chicken cochlea. 
It seems likely that the Na+-K+-ATPase system, present m high 
activity in the tegmentum vasculosum, functions in maintaining the 
high K+ and low Na~ concentration of the endolymph. An additional 
argument for this role of the tegmentum vasculosum can be derived 
from its fine structure. Jahnke et al. ( 1969) demonstrated a great struc-
tural similarity between the tegmentum vasculosum and epitheha in-
volved in cation transport like kidney tubules (Pease, 1955), part of 
the labyrinthine epithelium (Dohlman, 1965, Kimura, 1969) and the 
nasal gland of marine birds (Doyle, 1960). In addition, the assumption 
that phylogenetically the tegmentum vasculosum represents both stria 
vascularis and Reissner's membrane of the mammalian cochlea, is sup-
ported by the high Na+-K+-ATPase activities in both tegmentum 
vasculosum and stria vascularis as will be shown in Chapter VII. 
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CHAPTER VII 
O C C U R R E N C E A N D DISTRIBUTION O F Na+-K+-ATPase 
ACTIVITY IN T H E COCHLEAR S T R U C T U R E S 
O F T H E G U I N E A PIG 
1. I n t r o d u c t i o n 
The presence and distribution of the Na+-K+~ATPase system in the 
highly differentiated cochlear of the guinea pig was studied in order 
to investigate the involvement of this enzyme system in the maintenance 
of the high K+ and low N a + concentrations in the endolymph. The 
anatomical position of the inner ear in this animal also permitted us to 
investigate the role of the Na+-K~-ATPase system in the generation 
of the cochlear potentials by topical application of ouabain in the living 
animal. This appeared to be impossible in the chicken as will be dis­
cussed later on. The choice of the guinea pig was also guided by the 
considerations that the fine structure of the cochlear tissues, the coch­
lear fluid composition and the cochlear potentials have been studied in 
great detail (Chapters I, II and III), and that an ouabain-sensitive 
active transport of K+ from peri- to endolymph has been demonstrated 
in this animal (Rauch, 1966). 
2. P r e s e n c e a n d p r o p e r t i e s of the N a + - K + - A T Ρ a s e 
s y s t e m 
Preliminary enzyme studies on lyophihsed fragments of the total mem­
branous structure of the guinea pig cochlear by incubation in the va­
rious substrate media, described in Chapter V, revealed a high ouabain-
•îensitive Na+-K+-ATPase activity of 0.8 (SE· 0.3) and a residual 
Mg'^"1"-ATPase activity of 1 0 (SE: 0.4), both expressed in moles A T P 
hydrolysed per kg dry weight per hour. On further dissection it ap-
peared that the Na+-K+-ATPasc activity was predominantly localised 
in the stria vascularis. The properties of the Na+-K+-ATPase activity 
have therefore been investigated in ho.nogenates of the stria vascularis, 
collected from different turns. From an activity versus time curve it 
appeared that the hydrolysis of A T P at 37° С by Mg 2 + -ATPase and 
Na + -K + -ATPase is linear up to 80 minutes (Fig. 17). Consequently, 
calculation of enzyme activity, based on an incubation time of 60 minu-
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Fig. 17. ATPase activities in homogenates of guinea pig stria vascularis, determined 
in medium A (complete) and E (no Κ4", Ι Ο - 1 M ouabain) after various incubation 
times. Na^-K"1"-ATPase activity о о, Mg'2 +-ATPase activity · · 
tes, will give a correct estimation of this activity. 
The relative ATPase activities of the stria vascularis in the various 
substrate media are given in Table 6. The four inhibitory media caused 
Table 6 
R E L A T I V E ATPase A C T I V I T I E S O F G U I N E A PIG STRIA VASCULARIS 
H O M O G E N A T E S IN VARIOUS SUBSTRATE M E D I A 
Medium 
A (complete) 
В (no К") 
С (no Na+) 
D ( l O - ' M ouabain) 
E (no K+, ΙΟ" 4 M ouabain) 
Average for media B, C, D and E 
% 
100 
44.2 ± 1.9 (22) 
37.4 ± 2.2 (5) 
40.4 ± 1.9 (22) 
40.5 ± 1.8 (22) 
40.6 ± 1.4 
Total ATPase activity m medium A is set at 100%. 
Relative activities in media B, C, D, and E are given with standard errors and in 
parentheses number of determinations. 
approximately the same degree of inhibition, indicating that the inhi­
bited ATPase activity represents the Na + -K + -ATPase activity. Me­
dium В gave slightly less inhibition than the other media. This is pro­
bably due to partial activation of the Na + -K + -ATPase by a small 
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amount of tissue K+ present in the medium during incubation, since the 
K
m
 value for K+ is only 0.9 (Fig. 20). Medium С showed slightly more 
inhibition than the other media. This effect may be due to a slight N a + 
dependence of the Mg 2 + -ATPase, as has also been observed in other 
tissues (Bonting et al., 1964 a; Bakkeren and Bonting, 1968). 
Fig. 18 shows the effect of increasing the M g 2 + concentration from 
0-6 mM in the media A and E. Both Na + -K + -ATPase activity and 
6 0 ι 1 1 1 1 1 
mmoles /l Mg Ζ"** 
Fig. 18 Effect of M g 2 + concentration on Na + -K + -ATPase activity о о and 
Mg^+'ATPase activity · · in homoqenates of guinea pig stria vascularis. 
Activities were measured in media A and E to which was added M g C b (0-6 mM). 
Medium E (no K+, Ι Ο - 1 M ouabain) gave Мд 2 + -АТРа5е activity, while the dif­
ference between the activities in media A (complete) and E gave Na+'K^-ATPase 
activity. 
Mg 2 + -ATPase activities were maximal at 1-2 mM M g 2 + present in the 
media at an A T P concentration of 2 mM and were depressed at higher 
M g 2 + concentrations. No ATPase activity could be demonstrated in 
the absence of Mg 2 + . 
The activation of the Na + -K + -ATPase by Na4" m the presence of 
5 mM K+ is given in Fig. 19. The activity was measured in medium 
С to which increasing amounts of NaCl were added (0-150 mM). 
Maximal activity was reached at 10 mM Na + , followed by a striking 
decrease between 10 and 20 mM; then the activity remained unchanged 
up to 150 mM. Half maximal activation occurred at 4,5 mM N a + / 1 . 
This value is somewhat lower than that for other tissues (Table 5). 
Fig. 20 represents the K+ activation curve of the Na+-K+-ATPase 
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Fig 19 Effect of N a + concentration on Na + -K + -ATPase activity in homogenates 
cf guinea pig stria vascularis Graded amounb of NaCl were added to medium С 
(no Na" 1), while the K+ concentration was kept at 5 mM Activity in medium С 
without added NaCl gave Mg 2 ' -ATPase activity 
1 2 0 
35 40 
mmoles/1 K+ mmoles/1 IV 
Fig 20 Effect of K+ concentration on Na *-K+-ATPase activity in homogenates of 
guinea pig stria vascularis Graded amounts of KCl were added to medium В (no K+), 
while the N a + concentration was kept at 63 mM Activity in medium E (no K+, 
ΙΟ
-
·
1
 M ouabain) gave Mg 2 + -ATPase activity. 
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activity in the presence of 63 mM Na + . This curve was obtained by 
measuring enzyme activity in medium B, containing various amounts 
of K+ (0-40 m M ) . Maximum activity was reached at 7.5 mM and half 
maximal activation at 0.9 mM K + / l . The activity at 5 mM K+, routinely 
used in the various substrate media, is only slightly different from the 
maximal activation obtained at 7.5 mM K+. The values for potassium 
activation are in good agreement with those reported for other tissues 
( T a b l e 5 ) . 
The pH optimum for Na + -K + -ATPase is at 7.3 and for Mg2+-
ATPase at 8 7 as shown in Fig. 21. These curves were obtained by 
τ 1 1 1 τ • 1 1 1 
Mg 2 +- ATP ase 
J i t 1 I 1 I ( 
6 0 7 0 80 90 100 
pH 
Fig 21 Effect cf pH on Na + -K + -ATPase activity о о and Mg 2 + -ATPase 
activity · · in homogenates of guinea pig stria vascularis The pH dependence 
was measured in media A (complete) and E (no Κ1", Ι Ο - 1 M ouabain), prepared with 
Tris buffers in a pH range from б 2-9 6 The Mg 2 + -ATPase activity was measured 
in medium E, while the Na + -K + 'ATPase activity was calculated from the difference 
between activities in media A and E 
measuring enzyme activities in the media A and E prepared with 
Tns-HCl buffers in a pH range from 7.4 to 9 6 and with Tris-histidine 
buffers in a pH range from 6.2-7.4. These optima are close to the 
values found in several other tissues (Table 5). 
The inhibitory effect of ouabain on the Na + -K + -ATPase activity is 
presented in Fig. 22. This curve was determined by adding ouabain in 
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Fig. 22. Effect of ouabain on Na + -K + -ATPase activity in homogenates of guinea 
pig stria vascularis. ATPase activity was determined in medium A containing various 
amounts of ouabain ( 10-1'-10"*2 M ) . The activity in medium E (no K+, ΙΟ-4 M 
ouabain) was taken to represent Mg 2 + -ATPase alone. The різо is the negative loga­
rithm of the molar ouabain concentration causing 50% inhibition. 
various concentrations (10~2-10"9 M) to medium A. The activity in 
medium E was considered to represent only Mg 2 + -ATPase activity. 
The negative logarithm of the half maximal inhibition concentration of 
ouabain was piso = 5.5, close to the value of 5.4 found for guinea pig 
intestine (Taylor, 1962). At very low ouabain concentrations ( I O 8 M) 
a stimulation of 20(SE: 8 ) % of the Na + -K + -ATPase activity was 
found, just as in the chicken tegmentum vasculosum (Chapter V I ) . 
This biphasic effect on Na + -K + -ATPase activity as well as on cation 
transport was also observed in the kidney (Palmer and Nechay, 1964), 
chorioid plexus (Oppelt and Palmer, 1966) and pancreas (Ridderstap 
and Bonting, 1969 b) . 
3. D i s t r i b u t i o n of A T P a s e a c t i v i t i e s of t h e v a r i o u s 
c o c h l e a r s t r u c t u r e s 
Since preliminary studies demonstrated the presence of a very high 
Na + -K + -ATPase activity in the stria vascularis, we made a systematic 
study of the distribution of this enzyme system in the cochlear structu-
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res, especially in those which might be involved in cochlear cation 
transport . T h e dissection procedures used for isolating the various 
tissues have been described in Chapter V , 2. 
T h e distribution of enzyme activities in the cochlear structures is 
presented in T a b l e 7, and for the N a + - K + - A T P a s e activity alone in a 
T a b l e 7 
ATPase ACTIVITIES IN HOMOGENATES OF THE VARIOUS COCHLEAR 
STRUCTURES OF THE GUINEA PIG 
Structure 
Stria vascularis 
Lig spirale 
(A) behind stria vascularis 
(B) comprising prominentia 
spiralis and sulcus externus 
(C) bordering scala tympani 
Reissner's membrane 
Organ of Corti 
Na+-K+-ATPase 
moles/kg 
dry wt;hr 
8 0 ± 0 4 3 (16) 
0 4 + 009 (4) 
16 ± 0 3 9 (4) 
0 4 ± 0 0 7 (4) 
0 4 ± 0 0 6 (12) 
0 5 ± 0 2 7 (3) 
% of total 
ATPase 
59 ± 1 
50 ± 8 
55 ± 6 
40 ± 7 
30 ± 4 
15 ± 6 
Mg 2+-ATPase 
moles/kg 
dry wt/hr 
5 6 ± 0 4 1 
0 4 ± 0 09 
1 3 ± 0 43 
0 6 ± 0 07 
0 9 ± 010 
2 8 ± 0 79 
Mean 
activity of 
turn No 
1.2,3 
2,3 
2,3 
2.3 
1.2,3,4 
2,3 
Means with SE and in parentheses number of determinations 
schematic cross section of the cochlea (Fig . 2 3 ) , In the last column of 
Table 7 the numbers refer to the turns from which the various tissues 
were obtained. T h e N a + - K + - A T P a s e activity of the stria vascularis 
(8.0 moles/kg dry w t / h r ) is extremely high and forms 5 9 % of the 
total A T P a s e activity. T h e activity in this structure is about 12 times 
as high as the average activity in the ligamentum spirale, Reissner's 
membrane and organ of Corti, which range from 0.4-1.6 moles/kg 
dry w t / h r . 
T h e A T P a s e activities of the l igamentum spirale appeared to be 
rather high, contrary to what could be expected from its connective 
tissue structure. In an attempt to localise this enzyme activity we di­
vided the l igamentum spirale longitudinally into three parts and 
assayed them separately for A T P a s e activity. T h e results are repre­
sented in T a b l e 7 and Fig. 23. T h e highest activity was found in part В 
of the l igamentum spirale, comprising the prominentia spiralis and 
sulcus externus. Histological sections of part В made after dissection 
showed that epithelial cells of the prominentia spiralis were absent. 
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Fig. 23. Schematic cross section of the cochlea. Na + -K + -ATPase activities in mo­
les/kg dry wt/hr are indicated by the numbers in the various structures. 
They were presumably removed together with the stria vascularis, 
which was dissected from the ligamentum spirale before dividing it 
into three parts. Thus, the enzyme activity of part В is probably mainly 
present in the sulcus externus epithelium and the stroma cells of the 
ligamentum spirale, 
In order to ascertain possible differences in ATPase activities in the 
various cochlear turns, we have determined enzyme activities in the 
stria vascularis, ligamentum spirale and Reissner's membrane, obtained 
from individual turns. The bony connection between cochlea and middle 
ear wall was taken as the boundary line between the turns. The 
Na + -K + -ATPase and Mg 2 + -ATPase activities of the stria vascularis 
in each turn are given in Table 8, and the total dry weight of this 
structure in each turn is included. There is a distinct decrease in both 
ATPase activities from base to apex. The ratio between Na + -K + -
ATPase and Mg-+-ATPase remained about the same. In these experi­
ments the final tissue concentrations in the incubation media for third 
and fourth turns were considerably lower than for the first and second 
turns, ranging from 0,2 to 0,6 (-ig/10 μΐ. In order to exclude the possi­
bility that this might cause the decrease in ATPase activities from first 
to fourth turn, we determined ATPase activities for tissue concen-
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Table 8 
ATPase A C T I V I T I E S I N H O M O G E N A T E S O F G U I N E A PIG STRIA 
VASCULARIS O F VARIOUS C O C H L E A R T U R N S 
Turn no. 
1 
2 
3 
4 
Na+^K'-ATPase 
moles/kg 
dry wt/hr 
6 4 ± 0 4 0 (5) 
7.0 ± 0.88 (7) 
4.6 ± 0 70 (5) 
4.4 ± 0.55 (5) 
% of total 
ATPase 
56 ± 3 
62 ± 4 
58 ± 6 
59 ± 2 
Mg 2 + -ATPase 
moles/kg 
dry wt/hr 
5.0 ± 0.46 
4.3 ± 0 35 
3 4 ± 0 58 
3.1 ± 0.37 
Total dry 
weight of 
stria vase. 
(ид) 
13 
12 
7 
3 
Means with SE and in parentheses number of determinations. Basal turn is turn n? 1, 
apical turn is turn no. 4. 
trations varying from 0.1 to 0.7 μ<} per 10 μΐ medium. The results are 
shown in Fig. 21. The linearity of these curves demonstrates that the 
decrease in enzyme activity from base to apex must be real. This effect 
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Fig 24. A T P utilisation in percent of total A T P present in the incubation medium 
by ATPase activities in homogenates of guinea pig stria vascularis at various tissue 
concentrations. Activities were determined in medium A (complete) and E (no K+, 
10"' M ouabain). Na + -K + -ATPase activity о o, M g ^ - A T P a s e activity 
• · . 
is much more pronounced when the total dry weight of the stria vascu­
laris of each turn, given in Table 8, is taken into account. This gives 
a Na + -K + -ATPase activity expressed in nanomoles/kg dry wt/hr of 
83 for the first turn, of 84 for the second turn, of 32 for the third turn 
and of 13 for the fourth turn. 
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T h i s decrease in enzyme activity could also be demonstrated for the 
hgamentum spirale of the various turns, as shown in T a b l e 9. It was 
difficult to obtain hgamentum spirale of the first turn without adhering 
bone. Since bone fragments lead to high endogenous phosphate con-
T a b l e 9 
ATPase ACTIVITIES IN HOMOGENATES OF GUINEA PIG LIGAMENTUM 
SPIRALE OF VARIOUS COCHLEAR TURNS 
Turn no. 
2 
3 
4 
Ν 3 " - Κ
+
- ATPase 
moles/kg 
dry wt/hr 
1 5 ± 018 (4) 
0 8 + 009 (4) 
0 7 ± 007 (3) 
% of total 
ATPase 
52 ± 2 
38 = 2 
44 ± 1 
M g ^ - A T P a s e 
moles/kg 
dry wt/hr 
14 + 017 
13 ± 0 1 3 
0 9 ± 0 12 
Means with SE and in parentheses number of determinations No reliable data could 
be obtained for the basal turn (no 1 ) 
centrat ions and incorrect weight determinations, no data on A T P a s e 
activities are given for this turn In one experiment in which fragments 
of Reissner 's membrane completely free of adhering dried lymph could 
be assayed separately for each turn, a similar decrease in enzyme acti­
vity was observed. 
T h e absolute A T P a s e activity in Table 7 for the stria vascularis dis­
sected in toto is 22r/c higher than the sum of the activities of the sepa­
rate turns listed in T a b l e 8. T h i s is probably due to a slight loss of 
activity during the extra time needed for dissection of the turns sepa­
rately, or to a slight loss of tissue. Since the fourth and the third turns 
were a lways isolated first, this loss should have primarily affected the 
results for the first and second turns. H e n c e this would tend to make 
the real difference between these turns and the third and fourth turns 
even greater T h e enzyme activities for the organ of Corti and Reiss­
ner ' s membrane should not be influenced by the above-mentioned 
effect, because these structures were dissected from whole cochlea that 
were lyophihsed immediately after decapitation as described in 
Chapter V , 2. 
4. D i s c u s s i o n a n d c o n c l u s i o n s 
T h e data in Tables 6 and 7 and Figs. 18 to 23 demonstrate the presence 
of a N a + - K + - A T P a s e system in the guinea pig inner ear similar to 
that described by Skou (1957, 1960) in crab nerve, by Post et al. 
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(1960) in erythrocytes and by Bonting et al. (1961 a, 1962) m a great 
number of tissues of various animal species. 
The properties of this Na+-K+-ATPase activity in the guinea pig 
cochlea appeared to be quite similar to those found in the chicken inner 
ear (Chapter VI) and to those in many other tissues in which active 
cation transport occurs and in which a good agreement has been de-
monstrated between the properties of the enzyme system and the cation 
transport system (Post et al., 1960, Dunham and Glynn, 1961, Bonting 
and Caravaggio, 1963, Bonting and Canady, 1964). The stimulation 
by Na+ , K+, and Mg2"1" and the inhibition by ouabain of the Na+'K"1"-
ATPase activity is much more pronounced than reported by Iinuma 
(1967) for the stria vascularis and the ligamentum spirale together. 
These differences are probably due to less suitable methods used by 
the latter investigator e.g. the use of non-homogenised freshly dissected 
tissue samples without lyophilisation. 
As demonstrated in Table 7 and Fig. 23 the Na+-K+-ATPase acti-
vity of the stria vascularis, constituting 59% of the total ATPase acti-
vity is far higher than in any of the other cochlear structures. This was 
also true for enzymes involved in oxidative metabolism (Vosteen, 
1961; Spoendlm and Balogh, 1963; Nakai and Hilding, 1968 a) , and for 
the 0-2 consumption of this structure, which is higher than that of 
kidney and brain tissue (Chou and Rodgers, 1962). The high oxidative 
metabolism of the stria vascularis presumably supplies the large amount 
of ATP required by the Na+-K+-ATPase system. Such a high Na+-K+-
ATPase activity, as was also found in the tegmentum vasculosum of the 
chicken cochlea (Chapter VI ) , is typical for secretory tissues like 
kidney (Bonting et al., 1961 a; Bonting et al., 1962), rectal gland of 
elasmobranchs (Bonting, 1966), nasal gland of marine birds (Hokin, 
1963; Bonting et al., 1964 a) and chonoid plexus (Vates et al., 1964) 
and for excitatory tissues like the electroplax of the electric eel (Bon-
ting et al., 1961 a) and brain tissue (Bonting et al., 1962). An electron-
microscopic study has shown the ATPase activity to be localised on the 
cell membranes of the marginal cells of the stria vascularis and in the 
basement membranes of the capillaries (Nakai and Hilding, 1966). 
There is a clear decrease for both ATPase activities from first to 
fourth turn of the cochlea, not only in the stria vascularis but also in 
the ligamentum spirale and probably in Reissner's membrane, Tables 
8 and 9. This phenomenon has also been demonstrated for lactic and 
malic dehydrogenase (Kürschner, 1968) and for the O j consumption 
of the stria vascularis (Meyer zum Gottesberge et al., 1965) and of 
the whole membranous structure (Mizukoshi and Daly, 1967). Further-
more the ERP has been shown to decrease from basal to apical turn 
(Mirashy et al., 1958 b) . In contrast Iinuma (1967) reported a more 
irregular distribution over the various turns for the Na+-K+-ATPase 
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activity of the stria vascularis-hgamentum spirale complex with a ten­
dency to increase towards the apex, although for the phosphatase 
activities m the same complex an increase in activity from base to apex 
was found (Iinuma and Daly, 1968). In our opinion Iinuma's deviating 
results may be due to the use of non-homogenised and non-lyophihsed 
fresh tissue causing difficulties in substrate penetration (Bonting and 
Rosenthal, 1960). Because the mass of this tissue complex is much 
larger for the basal than for the apical turns, the effect should be 
more pronounced in the basal turns. 
The relatively high Na + -K + -ATPase activity in part В of the liga-
mentum spirale (Table 7, Fig 23) is noteworthy. In view of the 
absence of epithelial cells in the dissected part В of the prominentia 
spiralis the enzyme activity can only be localised in the sulcus externus 
and in the stroma cells behind the epithelium, This may be in accor­
dance with the presence of a high activity of enzymes involved in 
oxidative metabolism in this region (Vosteen, 1961; Spoendlin and 
Balogh, 1963, Ishn and Nomura, 1968). Moreover these stroma cells 
show extensive infoldings of the cell membrane and many vacuoles 
(Spoendlin, 1967a, von Ilberg et a l , 1968) indicating that they are 
involved in fluid transport. A resorptive function of these cells has been 
demonstrated by von Ilberg et al. (1968). Therefore it may be con­
cluded that this structure seems to be involved in cochlear fluid circu­
lation. 
The Na + -K + -ATPase activities m the organ of Corti, Reissner's 
membrane and other parts of the ligamentum spirale are very low in 
comparison to the stria vascularis (Table 7, Fig. 23). The organ of 
Corti has a high Mg 2 + -ATPase activity. Nakai and Hilding (1967) 
demonstrated in this structure histochemically the presence of ATPase 
activity along the cell membranes. Moreover, an active metabolism has 
been demonstrated in this organ (Vosteen, 1961; Spoendlin and Ba­
logh, 1963; Matschinsky and Thalmann, 1967) Since the M g 2 + -
ATPase system does not function in cation transport, the energy re­
leased by this enzyme in the organ of Corti must be used for other 
purposes than cation transport, probably in the perception and trans­
duction of acoustic stimuli. 
In view of its high Na + -K + -ATPase activity the stria vascularis 
would appear to be the site of the cation pump, which maintains the 
ionic concentration gradients between endolymph and perilymph or 
blood (Fig. 23). The assumption by Rauch (1964) that transport of 
K+ from perilymph to endolymph would occur through Reissner's mem­
brane must be considered highly unlikely in view of the low Na + -K + -
ATPase activity of this structure. This activity is low on a weight basis, 
but even more so on an absolute basis. The ratio of the dry weights of 
stria vascularis and Reissner's membrane in the entire cochlea is approxi-
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mately 3 1, hence the ratio of total Na + -K + -ATPase activities in these 
structures is 68 1 This consideration leads us to the conclusion that 
the contribution of Reissner's membrane to the active cation transport 
can only be very minor. Additional arguments for this conclusion can 
be derived from the fact that the membrane is avascular and has a very 
high electrical resistance (Johnstone et al , 1966). 
The transport of K+ from the perilymph in the scala vestibuh to the 
endolymph, observed by Rauch (1964), could take place through the 
ligamentum spirale, through which perilymph can easily circulate 
(Tonndorf et al., 1962; von Ilberg, 1968 b) . After arriving in the stria 
vascularis it would be actively secreted into the endolymph, while N a + 
would be actively removed from the endolymph by the same structure. 
An argument in favour of this supposition is the fact that in Rauch's 
experiments the ligamentum spirale and the stria vascularis showed a 
high isotope content, even when 4 2 К + was injected immediately after 
interruption of the blood supply. This confirms that 4 2 K + can easily 
diffuse from scala vestibuh to stria vascularis. In this connection it 
seems unlikely that Reissner's membrane should have nearly the same 
Qcb as the stria vascularis (Chou, 1963), which is highly vascularised 
and has a far higher number of mitochondria m its cells than Reissner's 
membrane (Figs. 4 and 5). Recently Rauch (personal communication) 
has found a much lower 0 2 consumption of this membrane than re­
ported by Chou (1963). The Na + -K + -ATPase system m the stria 
vascularis would therefore, appear to be the system which actively re­
gulates the characteristic cation composition of the endolymph. The 
contribution of the other cochlear structures, judging from the Na+-K~-
ATPase distribution, can be considered to be negligible. In particular, 
such a role seems highly unlikely for Reissner's membrane. This con­
clusion would be in harmony with the hypothesis of Naftalm and Har­
rison ( 1958). These authors assume that there is only a passive leakage 
of N a + into and of K+ out of the endolymph through Reissner's mem­
brane From the endolymph N a + would be removed actively, in 
exchange for K+, by a N a + pump in the stria vascularis, leading to the 
typical ionic composition of the endolymph 
In view of the strong evidence for a primary function of this enzyme 
system in cation transport m nerve (Baker, 1963, Baker and Connelly, 
1966, Baker et al., 1969) and muscle (Corne and Bonting, 1966) as 
well as in the formation of cerebrospinal fluid (Vates et al., 1964), 
aqueous humor (Bonting and Becker, 1964) and pancreatic juice (Rid-
derstap and Bonting, 1969 a, b), it would seem to be a reasonable 
assumption, that the Na + -K + -ATPase system in the stria vascularis 
may play the role of the cation pump in the endolymph formation. 
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CHAPTER Vili 
T H E E F F E C T O F OUABAIN ON T H E COCHLEAR 
POTENTIALS O F T H E GUINEA PIG 
1. I n t r o d u c t i o n 
Both the cochlear endolymphatic resting potential (ERP) and the 
cochlear microphonic potential (CMP) have been shown to be depen-
dent on the ionic composition of the cochlear fluids especially the high 
K+ and low Na+ concentration of the endolymph (Chapter III). These 
potentials are also dependent on oxidative metabolism, suggesting the 
involvement of oxidative metabolism in the maintenance of the typical 
intracellular-hke ionic composition of the endolymph. In the previous 
chapters we reported the presence of a very high Na+-K+ activated 
ATPase activity in the tissues of the inner ear From these experiments 
it was concluded that this enzyme system is primarily localised in the 
stria vascularis of the guinea pig and in the analogous tegmentum vas-
culosum of the chicken, and that it represents most likely the cation 
pump responsible for the ionic composition of the endolymph 
The possible dependence of the cochlear potentials on the functioning 
of the Na + -K - -ATPase system was investigated by perfusing the 
perilymphatic space of the cochlea with Ringer solution containing 
ouabain, a specific inhibitor of the Na+-K+-ATPase system. The coch-
lear potentials were recorded simultaneously The effect of ouabain 
was studied both on the ERP and on the CMP, which is elicited by 
acoustic stimulation. 
An attempt to study these potentials in the chicken inner ear was 
unsuccessful Although we succeeded after careful surgery to measure 
the CMP with a wire electrode placed on the round window, it was 
found to be impossible to perfuse the perilymphatic space without 
severely damaging the inner ear. This was concluded from the large 
decrease in the CMP immediately after opening the perilymphatic 
space. The guinea pig, which has frequently been used for electro-
physiological studies on the inner ear, was more suitable for this pur-
pose. In this animal the perilymphatic space could be opened and per-
fused with normal Ringer's solution without affecting the cochlear 
potentials, as previously reported by several authors (Tasaki et al., 
1954; Honrubia et al., 1965, Konishi and Kelsey, 1968 a b) 
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It has been shown (Rauch, 1964) that 4 2K+ introduced into the scala 
vestibuh is quickly transported to the endolymph, while 4 2K+ injected 
into the scala tympani, reaches the endolymph much slower and to a 
much smaller extent. This indicates that the cation transport-system is 
more easily reached from the scala vestibuh than from the scala tym-
pani. Therefore we chose the scala vestibuh for perfusion. Since the 
effect of ouabain on the CMP and the ERP had to be studied in sepa-
rate experiments, we perfused in both cases the same region of the 
scala vestibuh, and placed the measuring electrodes in the same area 
(Fig. 11). Continuous removal of the outflowing perfusate was applied 
in order to avoid non-specific effects on heart frequency and respi-
ration. 
2. C o c h l e a r M i c r o p h o n i c P o t e n t i a l 
Because the CMP is generated in the basal turns, both by high and low 
sound frequencies, and in the apical turns only by low frequencies (Ta-
saki, and Fernández, 1952), we perfused the first and second turn in 
order to be able to record the effects of ouabain for a wide frequency 
range. Moreover, because of their smaller dimensions the structures of 
the apical turns are damaged more easily than those of the basal turns. 
In preliminary experiments the CMP was recorded immediately be-
fore and at various times after perfusing the scala vestibuh for three 
minutes with about 150 μΐ Ringer's solution containing ΙΟ-2 M ouabain. 
Sound was administered by a loudspeaker situated in the experimental 
room, and driven by a beat frequency oscillator. Sound pressure was 
measured with a probe microphone placed near the head of the animal. 
The results of a typical experiment are shown in Fig. 25. The C M P 
was strongly depressed, maximal decrease being obtained 20 minutes 
after ouabain application. Recovery to nearly normal values was found 
two hours after ouabain perfusion. This recovery, although variable in 
degree, was frequently found after short term perfusions. It is probably 
due to washing out of ouabain by the continuous outflow of perilymph 
through the holes in the bony capsule which was visually observed 
Because of the limited frequency range, the considerable variation in 
intensity over the frequency range offered (ranging from 50 to 90 dB) 
and the poor quality of the sound produced by this system, all further 
experiments were carried out with the equipment described in Chapter 
V, 3. In this method sound was directly administered to the tympanic 
membrane. Thus a possible change in sound transmission by partial 
occlusion of the external auditory meatus during the experiment was 
avoided. Moreover, a constant sound pressure level of 80 dB for a 
frequency range from 500 to 16000 cps could be obtained. The sound 
stimulus consisted of continuous pure tones at 10 different frequencies 
in the frequency range of 500-8000 cps. In addition a continuous per-
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Fig. 25. Amplitude of the C M P at various frequencies before and after perfusing the 
scala vestibuh with about 150 μΐ Ringer's solution, containing ΙΟ - 2 M ouabain, for 3 
minutes. 1. Before perfusion. 2. 3 minutes after perfusion. 3. 10 minutes after per­
fusion. 4. 20 minutes after perfusion. 5. 120 minutes after perfusion. The sound pres­
sure varied from 50-90 dB in the frequency range of 500-6000cps. 
40 
t ime (mm) 
Fif. 26. Time course of relative decrease of the CMP, expressed in percentage of the 
original C M P value, upon continuous perfusion of the scala vestibuh with ΙΟ - 1 ' M 
ouabain in Ringer's solution. Each point represents the mean value from five experi­
ments, averaged for ten frequencies in the range of 500-8000 cps, intensity 80 dB. 
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fusing system (10 μΐ/min ) was used, which permitted us to observe 
the effect of known and constant concentrations of ouabain. 
The tendons of the middle ear muscles, musculus tensor tympani 
and musculus stapedius, attached to respectively malleus and stapes, 
were severed (Fig 9) in order to eliminate changes in sound transmis­
sion to the inner ear, which might occur from an effect of outflowing 
ouabain on muscular activity Thus, a possible cause of unspecific 
changes in the C M P was avoided. Fig. 26 shows the time course for 
the decrease in the CMP, expressed in percentage of the original C M P 
value, upon perfusing the scala vestibuh for 45 mm. with Ringer's solu­
tion containing ΙΟ"3 M ouabain. Each point represents the mean value 
from 5 experiments, averaged for ten frequencies in the range of 500-
8000 cps. The amplitude of the CMP, measured directly after inserting 
9 8 7 6 5 4 3 2 
neg log molar ouabain concentrât— ι 
Fig 27 Effect on C M P of continuous perfusion of the scala vestibuh with Ringer s 
solution and Ringer containing various amounts of ouabain (10 - я-10 ' M ) · · 
or 10_r> M erythrophleine, A Er, during 45 minutes Each point represents the mean 
value from five experiments, averaged for ten frequencies in the range of 500 8000 cps, 
intensity 80 dB The pbo for ouabain is 5 5 
the pipet and before starting the perfusion, was set at 100%. Maxi­
mal inhibition (90%) was reached after 30 minutes, while no further 
decrease occurred upon continued perfusion. No significant difference 
was observed in the inhibition of the C M P at various frequencies. 
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After perfusion for about 45 minutes an inhibition was observed 
of 88(SE: 2.3)% at 500 cps. of 89(SE: 3.3)% at 4000 cps and of 
88(SE: 2.7)% at 8000 cps. The persistence for several hours of about 
10% of the original amplitude has also been shown after prolonged 
anoxemia (Davis, 1957). 
Fig. 27 shows the effect on the C M P of perfusion for 45 minutes 
with normal Ringer's solution and Ringer's solution containing ouabain 
(IO - 3 M - 10"s M) or erythrophleine IO"15 M. Maximal inhibition was 
obtained at ΙΟ-3 M ouabain. The negative logarithm of the half maximal 
inhibition concentration (pI,-,o) was 5.5. The effect of Ι Ο 5 M erythro­
phleine on the C M P was only slightly different from that of 10~5 M 
ouabain. This is in good agreement with the inhibitory effect of erythro­
phleine on the Na + -K + -ATPase activity (Bonting et al., 1964 b) . 
3. E n d o l y m p h a t i c R e s t i n g P o t e n t i a l 
The endolymphatic resting potential was measured by introducing a 
glass capillary electrode, filled with 150 mM KCl, into the scala media 
as described in Chapter V, 3, The electrode resistance, measured in a 
solution approximating endolymph (147 mM KCl and 3 mM NaCl), 
was always less than 5 Μ Ω. In advancing the electrode slowly through 
ligamentum spirale and stria vascularis, often a variable positive poten­
tial was observed immediately before the high positive potential of the 
endolymphatic space appeared upon further penetration. Only when 
the electrode was advanced through the region of the prominentia spi­
ralis a negative potential of about 50 mV was frequently recorded be­
fore the positive ERP was measured in the endolymphatic space. This 
negative potential represents most likely the depolarisation of the cells 
of the sulcus externus, which penetrate deeply into this region. This 
finding has previously been reported by Butler et al. (1962). 
The values for the ERP in the various cochlear turns are summarised 
in Table 10. There is a clear decrease in potential going from basal to 
T a b l e 10 
ENDOLYMPHATIC POTENTIAL (ERP) IN THE VARIOUS COCHLEAR 
TURNS OF THE GUINEA PIG 
Turn 
No. 
1 
2 
3 
4 
E R P 
(mV) 
75 + 2 
70 + 2 
55 ± 3 
49 + 3 
Means with SE from four determinations. 
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apical turn, as has also been reported by Misrahy et al. (1958 b) . W e 
have demonstrated a similar decrease for the Na+-K+-ATPase activity 
(Tables 8 and 9). Meyer zum Gottesberge et al. ( 1965) and Mizukoshi 
and Daly (1967) observed a similar distribution for the O2 consump-
tion and Kürschner ( 1968) for the distribution of lactic and malic dehy-
drogenase activity. 
Fig. 28 shows the effect on the ERP of perfusing the scala vestibuh 
for 50 minutes with normal Ringer's solution and Rmger to which 
ouabain was added (10"3 - 10 8 M ) . No change was found upon per-
fusion with normal Ringer's solution. Ouabain caused a decrease of the 
τ 1 1 — 1 r 
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Fig 28 Effect on E R P of continuous perfusion of the scala vestibuh for 50 minutes 
with Ringers solution containing various amounts of ouabain (10 Ч-Ю - 1 M) The 
point at wich E R P was zero was set at 10090 inhibition Inhibition larger than 
100% indicates reversal of the potential Each curve represents the mean value of 
four experiments 
ERP, which was dependent on its concentration. A remarkable effect 
was found with 10 3 M ouabain. The potential not only decreased to 
zero but became even negative, reaching a maximally negative value of 
about -25 mV after 30 minutes. Upon continued perfusion this negative 
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potential tended to increase slowly to zero A similar behaviour of the 
ERP has been demonstrated during anoxemia, which will be discussed 
in Chapter IX If the animal was made anoxemic, when the potential 
upon perfusion with 10 ^ M ouabain was decreased to a stable negative 
value, no further decrease could be observed Therefore it may be 
concluded that the ERP had completely disappeared 
Fig 29 shows the time course for the decrease of the ERP expressed 
in percentage of the original ERP value, upon perfusion of the scala 
vestibuli with Ι Ο 3 M ouabain in Ringer's solution The corresponding 
20 
40 
80 
100 
5 10 15 20 25 30 35 40 
time (mm) 
Fig 29 Time course of relative decrease of E R P upon continuous perfusion of the 
scala vestibuli with 10~Λ M ouabain in Ringer s solution · · The point at which 
the E R P was maximally negative (Fig 28) was set at lOOCf inhibition The corres­
ponding curve for the C M P is also presented о о 
curve for the C M P is presented for purposes of comparison The 
maximally negative value of the ERP after ouabain administration was 
taken as 100% inhibition. There is a striking resemblance m the time 
courses for both potentials, except that the C M P was only inhibited 
to 90c/r maximally. 
Fig 30 shows the inhibitory effect of various concentrations of 
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Fig 30 Effect on E R P of continuous perfusion of the scala vestibuli with Ringer s 
solution containing various amounts of ouabain ( 10_H-10~л M ) for 45 minutes χ χ 
The inhibitory effects of ouabain on the C M P · · and on the N a + K+-ATPase 
activity in homogenates of the stria vascularis о о are presented for purposes 
of comparison 
ouabain (10 8 - 10 3 M ) on the E R P upon perfusing the scala vestibuli 
for 45 minutes T h e curves for the inhibition of the C M P and the 
N a + - K + - A T P a s e activity in the stria vascularis homogenates are also 
presented in this figure. T h e r e is a striking similarity between these 
curves which have a nearly identical plr ) 0 of 5 5 a n d 5 4 T h e stimula­
tory effect on the N a - - K + - A T P a s e activity at low concentrations of 
ouabain ( 10 ч M ) was not observed for the cochlear potentials 
4. D i s c u s s i o n a n d c o n c l u s i o n s 
In view of the high N a + - K + - A T P a s e activity in the cochlear s tructures 
( C h a p t e r V I and V I I ) and the effect of ouabain on both the E R P a n d 
the C M P (Figs 25 to 3 0 ) , it may be concluded that the cochlear po­
tentials depend on the functioning of the N a + - K + - A T P a s e system 
Since this enzyme system is very predominantly located in the stria 
vascularis ( C h a p t e r V I I ) , it seems very likely that this s tructure is 
responsible for the cochlear potentials 
Ouabain, perfused through the scala vestibuli, may easily reach the 
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stria vascularis by free diffusion through the extracellular spaces of the 
spiral ligament (Ilberg, 1968 b) or else it may enter the vessels running 
through the spiral ligament towards the stria vascularis. There it 
will block the Na+-K+-ATPase cation pump system, which is located 
in the membrane of the marginal cells of the stria vascularis (Fig. 4) 
and which is responsible for maintaining the high K+ and the low Na+ 
concentration in the endolymph, necessary for cochlear function. 
The striking similarity in the effects of ouabain on the Na+-K+-
ATPase system of the stria vascularis and on the cochlear potentials 
with a pI-)0 of 5 5 for the inhibition of the Na+-K+-ATPase system and 
the CMP and a plj,, of 5 4 for the ERP constitutes strong evidence for 
a direct relationship between the activity of the Na^-K+'ATPase 
system and the occurrence of the cochlear potentials. The only discre-
pancy is the presence of a stimulatory effect of low concentrations of 
ouabain on the Na+-K+-ATPase activity, which could not be demon-
strated for the potentials. The fact that these low ouabain concentra-
tions were slightly inhibitory, rather than stimulating, to the CMP and 
the ERP (Fig 30) may be due to an adsorption of ouabain to the 
membranes of the cells of the stria vascularis during the 45-minute per-
fusion of the scala vestibuh. Such an adsorption has also been shown 
by Bontmg and Becker (1964) for the cells of of the ciliary epithelium, 
responsible for aqueous humor secretion. 
An additional argument for a primary role of the Na+-K+-ATPase 
system in the origin of at least the ERP may be derived from the de-
crease of the magnitude of the ERP from the basal to the apical turn 
(Table 10), since a similar gradient was found for the Na+-K+-ATPase 
activity (Tables 8 and 9). 
There is a remarkable similarity between the effects of ouabain, 
anoxemia (Konishi et al., 1961) and of cyanide (Konishi and Kelsey, 
1968 c) on the cochlear potentials. This warrants the conclusion that 
the energy supply for the activity of the cation pump is supplied by the 
oxidative metabolism. This conclusion is supported by the findings of 
Matchinsky and Thalmann (1967), who demonstrated a very substan-
tial decrease in the A T P content of the stria vascularis within one mi-
nute after anoxemia The ERP has been shown to decrease at about the 
same rate, as will be discussed in Chapter IX. 
On the basis of this evidence it seems reasonable to conclude that 
the ERP depends on the activity of the Na+-K+-ATPase system in the 
stria vascularis. However this does not yet allow us to decide whether 
this potential arises directly from the activity of the cation pump, or 
secondarily from the ionic gradients maintained by the pump between 
endolymph and perilymph or plasma. This problem will be discussed in 
Chapter IX. 
The similarity of the effects of ouabain on the CMP and the ERP 
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indicates a close relationship between the two potentials. Such a rela-
tionship is also indicated by the effects of anoxemia and of inhibitors of 
the oxidative metabolism However the CMP, in contrast to the ERP, 
has also been shown to be dependent on the negative potential of the 
hair cells. Butler (1965) has demonstrated that the decrease of the 
CMP during anoxemia is similar to the decrease in the potential gra-
dient across the lamina reticularis (Fig, 6), which is the sum of the 
ERP and the negative potential of the hair cells. This would be in 
agreement with the theory of Davis (1961), who proposes that the 
CMP originates from a change in the resistance of the lamina reticularis 
due to the bending of the cilia of the hair cells, which would regulate 
the amount and the direction of the current through this layer This 
current is thought to be driven by both the ERP and the hair cell poten-
tial. The effects of ouabain perfusion on the ERP and the CMP, which 
we have observed, could be interpreted to support this hypothesis 
Although we did not measure the potential of the hair cells, we cannot 
exclude the possibility that ouabain perfused through the scala vestibuli 
might through the hgamentum spirale reach the scala tympani and 
thence the organ of Corti. Ouabain could then inhibit the cation pump 
located in these cells and thus slowly decrease the potential of the hair 
cells, thus contributing to the decrease in the CMP. Although conclu-
sive evidence for this theory has never been supplied, the persistence of 
about 10% of the CMP after continued anoxemia and also after 
ouabain perfusion might be the result of the presence of a potential 
gradient across the lamina reticularis, originating from the difference 
between the negative potential of the hair cells (Chapter III) and the 
negative potential in the scala media, arising upon anoxemia or ouabain 
perfusion (Chapter IX) . 
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CHAPTER IX 
T H E N A T U R E O F T H E E N D O L Y M P H A T I C RESTING 
P O T E N T I A L A N D C O M P O S I T I O N O F T H E PERILYMPH 
1. I n t r o d u c t i o n 
In the previous chapter we showed the dependence of the endolym­
phatic resting potential (ERP) on the functioning of the Na + -K + -
ATPase system in the stria vascularis. This does, however, not yet 
explain the exact nature of this potential. To this problem we direct 
ourselves in this chapter. In most cells the potential difference across 
the cell membrane is a diffusion potential, which is due to the ionic 
concentration gradients between cytoplasm and extracellular fluid and 
which is determined by the relative permeabilities of the cell membrane 
for the ions. Such a potential is only indirectly dependent on the acti­
vity of the cation pump, namely in as far as the latter is responsible for 
maintaining the ion gradients responsible for the potential. The dif­
fusion potential is given by the constant field equation formulated by 
Hodgkin and Katz (1949). 
RT Р к ( К Г ) + P N a ( N a í ) + Р
С 1 (С1- 0 ) E = — In 
t
 P K ( K + ) + Ρ Ν 3 ( Ν 3 ϋ + ) + Ρ c i í C l - ) 
In this equation R represents the gassconstant, Τ the absolute tempe­
rature, F the Faraday constant and о and ι refer to the concentrations 
of K+, N a + and Cl _ outside and inside the cell respectively. Ρ κ. Ρ Na 
and Ρ ci are the permeability constants of these ions. The validity of 
this relation has been shown for many types of biological membranes 
as nerve, muscle and lens. In the case of resting nerve and muscle and 
of the electroplax of the electric eel, the potential is mainly determined 
by the K+ gradient, because the membrane is much more permeable to 
K+ than to N a + and CI - . Because (K^ ) is much larger than (KJ"), the 
inner side of the cell membrane is negative (about 80 mV) with respect 
to the outer side. 
Since the ERP is positive with regard to plasma and perilymph, 
and (K+) in the endolymph is high, this suggests that it cannot be a K+ 
diffusion potential. This led Johnstone (1967) to assume that it could 
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be a N a + diffusion potential. Neglecting the Cl~ contribution, he could 
then arrive at a potential of +82 mV, if he set the permeability ratio 
Pjvla/Ρκ for the cochlear membranes at 50 as it is for the squid axon 
membrane during the rising phase of the action potential (Hodgkin 
and Katz, 1949, Nastuk and Hodgkin, 1950) and if he used the known 
cation concentrations in endolymph (K+, 150 mM; Na + , 3 mM) and 
plasma (Na + , 140 mM; K+, 5 mM). He further assumed that the fast 
decrease of the ERP in anoxemia, when no change m the N a + / K + ratio 
has yet occurred (Johnstone, 1965), would be due to a change in the 
permeability ratio PNa/Ρκ to 0 2, which would result in the observed 
negative potential of —30 mV. If this hypothesis should be correct the 
Na + -K + -ATPase system would only act to maintain the intracellular-
like cation concentration of the endolymph, while the ERP would 
merely be the expression of the N a + gradient between endolymph and 
plasma or perilymph 
In an attempt to determine whether the ERP could be an ionic dif­
fusion potential, we have observed the effects on the ERP of perfusing 
the perilymphatic space with solutions having various ionic contents 
(Table 11) In further experiments the effect on the ERP of rupturing 
Reissner's membrane was studied. In addition we have looked for a 
Table 11 
C O M P O S I T I O N O F P E R F U S I O N FLUIDS * 
K+ Li+ S O j 2 - Choline Sucrose 
Ringer Ringer Ringer Ringer Ringer 
Li + 
N a + 
K+ 
C a ï + 
Mg 2 + 
ci-
uco r 
H P 0 4 2 -
H . P O J -
Chohne 
S 0 4 2 -
Sucrose 
— 
— 
153 5 
1 3 
0 8 
1312 
25 
0 5 
0 5 
~ 
— 
.— 
149 
— 
4 5 
13 
0 8 
153 2 
3 
0 5 
0 5 
^ 
— 
,—. 
— 
149 
4 5 
13 
0 8 
2 6 
3 
0 5 
0 5 
— 
75 3 
75 
— 
— 
4 5 
13 
0 8 
166 2 
3 
0 5 
0 5 
162 
— 
— 
— 
4 5 
13 
0 8 
4 2 
3 
0 5 
0 5 
^ 
— 
297 
* All concentrations in mmole/1 pH adjusted to 7 4 
possible pH dependence of the ERP, because Rauch (1964) has sug-
gested that a slight difference in pH between perilymph and endo-
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lymph, as reported by Misrahy et al. (1958 с) could give an important 
contribution to the E R P . W e have observed the E R P during perfusion 
of the perilymphatic space with Ringer 's solutions of different p H and 
also while making the animal respire a gasmixture of 20c/( CO> and 
SOÇf O j so as to create a respiratory acidosis, 
T h e nature of the negative potential occurring after anoxemia or 
upon applying ouabain to the perilymph was studied in a similar way, 
namely by changing the composition of the perfusing fluid. 
T h e inner ear structures contain a very high activity of carboanhy-
drase (Erulkar and Maren , 1961) which is primarily localised in the 
stria vascularis (Eggemann and Bruchmuller, 1968) Intravenous admi-
nistration of acetazolamide, a strong inhibitor of carboanhydrase , 
caused a large decrease in the K+ concentration of the endolymph 
(Erulkar and Maren , 1961 ) and a disappearance of the vacuoles in the 
marginal cells of the stria vascularis (Johnson and Spoendlm, 1966). 
Since these experiments suggested a role of the carboanhydrase system 
in cochlear cation transport , we also studied the effect on the E R P of 
perfusing acetazolamide through the scala vestibuli 
2. E f f e c t o f e l e c t r o l y t e c h a n g e s i n t h e p e r i l y m p h 
T h e effect on the E R P of removing N a + from the perilymph was stu-
died by continuously perfusing the scala vestibuli with Ringer 's solu-
tions in which N a + was replaced by Li+ or sucrose W i t h sucrose 
Ringer, perfused at the rate of 10 μΐ/mm, there was an increase of the 
E R P by about 5 m V within one minute after the start of the perfusion. 
T h e potential remained at this level for several minutes, a n d then it 
started to decrease. At a perfusion rate of 15 μΐ/mm the increase 
appeared to be slightly higher, but it w a s nearly absent at 6 μΐ/min. 
Perfusion with normal Ringer at the same rates failed to show any 
change in the E R P Therefore, we ascribe the temporary increase in the 
E R P with the sucrose Ringer to an increase in hydrostat ic pressure, 
caused by the high viscosity of this solution. A similar increase of the 
E R P after application of positive pressure to the scala vestibuli has 
been reported by T a s a k i et al. (1954) In subsequent experiments we 
therefore used a perfusion rate of 6 μΐ/min for sucrose Ringer 
T h e effects on the E R P during perfusion of the scala vestibuli with 
sucrose Ringer and Li + Ringer is shown in Fig 3 1 . Each curve repre­
sents mean \alues of six determinations. T h e r e is a remarkable simi­
larity between the effects of L i + and sucrose Ringer. T h e potential 
is decreased by 18/f with Li + Ringer and by 159^ with sucrose Ringer 
after continuous perfusion for 22 minutes. T h e decrease of the E R P 
immediately ceased and could be reversed to a variable degree upon 
perfusing with normal Ringer. T h e recovery process varied to a certain 
extent in different experiments Sometimes the potential increased to 
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Fig 31 Effect on E R P of cont inuous perfusion of the scala vest iboli wi th sucrose 
Ringer · # a n d L i + R i n g e r о о E a c h c u r v e r e p r e s e n t s the m e a n v a l u e 
of six e x p e r i m e n t s 
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Fig 32 Effect on E R P of c o n t i n u o u s perfusion of the scala vestibuli w i t h L i + R i n g e r 
a n d s u b s e q u e n t perfusion of normal Ringer s solut ion. 
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Fig 33 Effect on E R P of c o n t i n u o u s perfusion of the scala vestibuli wi th sucrose 
Ringer a n d s u b s e q u e n t perfusion of normal R i n g e r s solut ion 
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nearly its original value (Fig . 32) , but often only a slow and partial 
recovery was obtained (F igs . 33 and 34 ) . T h e latter phenomenon was 
more frequently observed after longterm perfusion, suggesting that it 
might be due to damage of the cochlear membranes. However, this 
seems unlikely, because perfusion with normal Ringer for 45 minutes 
failed to show any effect on the E R P or C M P (Figs . 27 and 28 ) . A 
more likely explanation is that perfusion with sucrose or L i - would 
affect cell metabolism or membrane permeability somewhat. Additional 
evidence that the absence of Na~ in the perfusate is responsible for 
the decrease of the E R P is presented in Fig. 34. T h e decrease of the 
E R P , initiated by perfusion with sucrose Ringer, continued during 
50 
î î Î 
( perfusion sucrose Ringer perfusion perfusion perfusion Li+ Ringer SQ12"Ringer Rmger 
1 ι 1 1 C— 1° ' I -J 
0 5 10 15 20 25 30 35 40 45 
t ime ( m m ) 
Fig. 34. Effect on KRP of continuous perfusion of the scala vestibuh with sucrose 
Ringer, followed by perfusion with Li"1" Ringer, SOj'^'Ringer and normal Ringer's so­
lution. 
subsequent perfusion with Li + Ringer, but it ceased when N3.2804 
Ringer was perfused and a slight recovery was obtained with normal 
Ringer. 
In contrast to the slight effect of perfusing N a + free Ringer a dra­
matic effect on the E R P was obtained by perfusing the scala vestibuli 
with Ringer in which N a + was replaced by 150 m M K + . T h e results 
of three experiments are shown in Fig. 35. W i t h i n one minute after 
starting perfusion the potential rose sharply sometimes more than 
20 m V and thereafter a fast decrease was observed to about 50r/c of 
the original value. W h e n perfusion was stopped, the potential reco­
vered slowly and only partially. This recovery, which is presumably 
due to exchange of the excess K + by N a + from the continuous flow of 
perilymph, could not be enhanced by perfusion with normal Ringer. 
T h e contribution of C l _ to the E R P was investigated by perfusing 
the scala vestibuli with Ringer solution in which C I - was replaced by 
S 0 4 - - to which most membranes are much less permeable than to C l _ . 
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Fig. 35. Effect on ERP during and after continuous perfusion of the scala vestibuli 
with K4 Ringer in three experiments. 
The results, shown in Fig. 36, indicate that omission of CI - affected the 
potential to a very slight extent only, and the effect could be restored 
with normal Ringer. This is in agreement with the fact that sucrose 
Ringer, which has a very low Cl_ concentration, had the same effect 
on the ERP as Li+ Ringer, which has a normal CI - content. The nearly 
equal CI - contents of endolymph and perilymph also indicate that Cl_ 
could not contribute significantly to the ERP (Table 1). 
In an attempt to investigate the role of Reissner's membrane in the 
occurrence of the ERP, we ruptured this membrane. After careful re-
moval of the bony wall of the scala vestibuli of the exposed part of the 
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Fig. 36. Effect on E R P of continuous perfusion of the scala vestibuli with S O i 2 -
Ringer and subsequent perfusion with normal Ringer. 
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basal turn, Reissner's membrane was ruptured thoroughly with a fine 
glass needle. The potential decreased rapidly to about + 15 mV and 
thereafter diminished slowly, becoming zero within about 15 minutes. 
However when immediately after rupturing Reissner's membrane the 
cochlear fluid was removed by suction, the potential increased by about 
10 mV and then slowly decreased to about + 15 mV upon ceasing 
suction The decrease to + 15 mV coincided with the rise of the fluid 
level in the cochlear space caused by perilymph production. This effect 
could be repeatedly found even when the potential was nearly zero, 
about fifteen minutes after the destruction of Reissner's membrane. 
3. E f f e c t of p H o n t h e p o t e n t i a l 
The dependence of the ERP on a difference in pH between endolymph 
and perilymph was investigated by perfusing the scala vestibuh with 
Ringer's solutions in which the pH was brought to 6.0 and 8 0 by addi­
tion of lactic acid and of N a O H , respectively. Continuous perfusion 
with these solutions for 25 minutes failed to show any effect on the 
potential. 
In a second group of experiments a general respiratory acidosis was 
established by making the animal respire a gas mixture consisting of 
80c/c O-i and 209^ CO^. The pH of the blood was decreased from 7.3 
to 6.8 while the pCOj appeared to be more than 180 mm. Under these 
conditions Misrahy et al. (1958 b) measured a decrease in endolymph 
pH of the same magnitude. The ERP decreased to about 93c/c of its 
original value within ten minutes, and could not be returned to normal 
20 
time (min) 
Fig 37 Effect on ERP of ccntinuous perfusion of the scala vestibuh with ΙΟ--' M 
acetazolarmde in Ringers solution (Mean value of four experiments) 
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by perfusing the scala vestibuli with normal Rmger of pH 7 4. When 
subsequently the animal was made to respire a gas mixture consisting 
of 95'/( О* and 5f/r CO,, the potential returned within a few minutes 
to its original value. 
The effect of acetazolamide, an inhibitor of carboanhydrase was stu­
died by perfusing the scala vestibuli with Ringer's solution containing 
10_;î M acetazolamide. The results of four experiments are shown in 
Fig. 37. The potential decreased rapidly to 91 (SE: 1.3) ^ of its original 
value within three minutes after starting perfusion. During the subse-
quent 17 minutes only a very slight decrease to 90(с was observed. The 
resemblance between the effects of C O j inhalation and of acetazola­
mide perfusion may be due to an increase of intracellular CO¡, resulting 
in cellular acidosis in both cases (Siegers and Moons, 1968). The 
resulting decrease in intracellular pH could inhibit the cation pump, 
since the Na+-K+-ATPase system in the stria vascularis has a pH 
optimum of 7.3 and its activity falls considerably at lower pH (Fig. 21). 
4. E x p e r i m e n t a l e f f e c t s o n t h e n a t u r e of t h e 
n e g a t i v e p o t e n t i a l 
The effect on the ERP and the venous Ch pressure of anoxemia, in-
duced by making the animal respire 20% CO.j - 80% N,, is demon-
strated in Figs 38 and 39. The ERP decreased within four minutes to 
—12 mV, and thereafter slowly returned to zero in about two and a 
half hours, In our experiments the value of the negative potential varied 
between 10 and 35 mV. Assuming tentatively that the negative poten-
tial represents a K+ diffusion potential, we perfused the scala vestibuli 
of the anoxemic animal with K+ free Ringer Surprisingly this led to 
reversal of the potential. This has previously been reported by Hon-
rubia et al. (1965), who suggested that it was due to removal of accu-
mulated products of anaerobic metabolism However, when we added 
20 mM lactic acid to the perfusing fluid, the effect still occurred 
(Fig. 40), while upon stopping perfusion the potential returned again 
to its original negative value This suggests that the potential reversal 
upon perfusion of the scala vestibuli is due to oxygen present in the 
perfusing fluid To test this hypothesis 10 mM NaCN was added to the 
perfusing fluid. In this case the potential remained negative except for 
a slight transient increase (Fig. 41), which proves that the effect is 
indeed due to oxygen present in the perfusing fluid. In further experi-
ments the negative potential was, therefore, obtained by addition of 
10_;î M ouabain to the perfusing fluid. This has the added advantage 
that the general metabolism of the animal remains unaffected, because 
the very small amount of ouabain administered to the perfusate leaves 
almost entirely with the outflowing mixture of perilymph and perfusate. 
The scala vestibuli was perfused with Ringer's solution containing 
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Fig. 38. The ERP and venous pOa before, during and after temporary anoxemia 
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Fig. 39. Effect on ERP of prolonged anoxemia from inhalation of a gasmixture 
consisting of ? 0 % C O * and 80% N2. 
ΙΟ
-3
 M ouabain until the potential had reached a stable negative value, 
usually, in about 30 minutes. Thereafter the scala vestibuli was per­
fused with solutions of various ionic compositions, but always con-
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Fig 40 Effect on ERP of prolonged anoxemia and of perfusion of the scala vesti-
buli of the anoxemic animal with 20 mM lactic acid in Ringer s solution Anoxemia 
was induced at t •=- о 
taming ΙΟ·5 M ouabain. When Ringer's solution, in which Na"1" was 
replaced by choline was perfused, no effect on the negative potential 
was found (Fig. 42). The slight increase before choline Ringer per­
fusion was started may have been due to a movement of the electrode. 
When perfusion of K+ Ringer (K~ replacing N a + ) was started, the 
potential rose immediately to nearly zero within five minutes. A small 
fraction of the negative potential about 3 mV, was repeatedly found to 
persist Subsequent perfusion with normal or choline Ringer's solution 
made the potential gradually decrease to negative values due to the 
removal of K+. If K+ Ringer was again perfused, the potential imme­
diately increased to nearly zero. 
5 D i s c u s s i o n a n d c o n c l u s i o n s 
The large effect on the ERP of raising the K+ concentration in the scala 
vestibuli and the small effect on this potential of lowering the N a + 
concentration in this compartment (Figs. 31 to 35) show clearly that 
the cochlear membranes are much more permeable for K+ than for N a + . 
It is unlikely that the K+ effect could be due to stimulation of the 
Na + -K + -ATPase system in the stria vascularis, because the enzyme is 
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Fig. 41 Effect on E R P of prolonged anoxemia and of perfusion of the scala vestibuli 
of the anoxemic animal with 10 mM N a C N in Ringer's solution. Anoxemia was in­
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obtained by perfusing the scala vestibuli for 30 minutes with Ι Ο - 3 M ouabain in 
Ringer's solution. 
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nearly maximally activated at 5 mM K+, which is the normal K+ con­
centration in blood plasma. Therefore the 20 mV increase in the ERP 
must represent the disappearance of the K+ diffusion potential, re­
sulting from the unequal distribution of K+ in perilymph and endo-
lymph. This conclusion is confirmed by the disappearance of the ne­
gative potential caused by ouabain, upon perfusing the scala vestibuli 
with high-K+ Ringer and the lack of an effect on the negative potential 
of perfusion with a N a + free Ringer. 
The permeability characteristics of the tympanal wall of the scala 
media cannot be very different from those of the other cochlear mem­
branes in view of the fact that Butler (1965) found an occasional in­
crease of the ERP during perfusion of the scala tympani with 150 mM 
K+. No significant effect on the ERP could be found by perfusing the 
scala tympani with Na^-free solutions (Konishi and Kelsey, 1968 a) An 
additional argument against a high Р м
а
/ Р к г а І і о for the cochlear 
membrane is the failure to affect the ERP with tetrodotoxin, which 
blocks N a + inflow during the rising phase of the nerve action potential 
(Katsuki et al , 1966, Konishi and Kelsey, 1968 b). The suggestion of 
Johnstone ( 1967) that the negative potential in anoxemia would be due 
to a change in the permeability ratio by the absence of oxygen is made 
unlikely by the occurrence of this negative potential after ouabain 
administration These findings constitute convincing evidence against 
Johnstone's suggestion that the ERP would be a N a + diffusion poten­
tial. Johnstone (personal communication) has meanwhile obtained ex­
perimental evidence, which also argues against this suggestion. 
The subsequent decrease of the ERP, which was observed by us 
after perfusing the scala vestbuh with high K+ Ringer and also by 
Butler (1965) after perfusing the scala tympani with 150 mM KCl, 
might be due to an adverse effect of high extracellular K+ concentra­
tion on cell metabolism (Schoffeméis, 1967). Significant increase in 
cell volume at high external K+ concentration has been reported by 
Ussing et al. (1965). The incomplete recovery of the ERP upon per-
fusion with normal Ringer would also be in accordance with this expla-
nation 
A significant contribution of Cl_ions to the ERP can also be ex-
cluded on the basis of the experiment presented in Fig. 36 Likewise 
a contribution of H+ions is ruled out by the absence of a pH effect on 
the ERP 
The experiments with a high K+ solution in the scala vestibuli, both 
on the ERP and on the negative potential due to ouabain, clearly show 
that the K+ gradient between endolymph and perilymph does contri-
bute to the ERP. This is, however, a negative contribution of about 
20 mV. W e must then conclude that the normal ERP of about -\ 80 
mV is the sum of two potentials, a positive potential of about + 100 mV 
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(designated E f юо ) and a negative potential of about — 2 0 m V (de­
signated E _ 2 o ) . T h e E 20 is mainly a K + diffusion potential 
W e still have to explain the E-LJOO- W e have shown that it cannot 
be an ion diffusion potential. T h i s leaves the possibility that it is a 
secretion potential, generated by an electrogenic cation pump, which 
pumps a single ion without coupled transport of a counter ion. T h e 
cation pump must be the N a + - K + - A T P a s e system of the stria vascularis 
on the basis of our results reported in Chapter V I I I . However, it cannot 
act as an electrogenic N a + pump m this case, since the endolymphatic 
resting potential is positive rather than negative. 
T h e r e are two strong arguments m favour of an electrogenic pump 
being responsible for Ен ЮО· First, there is the persistence of the E R P , 
though at a much lower value, after rupturing Reissner 's membrane. 
All cation gradients across the stria vascularis and between scala media 
and scala vestibuh and tympani have been abolished in this case, a n d 
yet a potential remains. Secondly, in anoxemia the E R P disappears 
very rapidly, before the K+ZNa""" ratio undergoes a significant change 
(Johnstone, 1965). 
T h e occurrence of a positive secretion potential in connection with 
an electrogenic cation pump has been observed in the frog skin (Koe-
foed-Johnsen, 1957), the ciliary body of the eye (Cole, 1961), the 
nasal gland of marine birds (Thesleff and Schmidt-Nielsen, 1962), 
the chonoid plexus (Pat lak, 1964) and the toad bladder (Herrera , 
1968) W i t h E + i o o they have in common that they are highly sen­
sitive to ouabain and that they are all due to the action of the N a + - K + -
A T P a s e system (Bonting and Becker, 1964; Bonting et al., 1964a; 
Vates et al. 1964; Bonting and Canady, 1964). However there are two 
differences between these potentials and the E-I-]QO· T h e s e potentials 
are small, ranging from 3-20 mV, and the positive potential is in the 
compartment to which N a + is being pumped. In the cochlea the poten­
tial is much larger and it is positive in the compartment from which N a + 
is extruded. T h u s the Ε ι юо cannot be due to an electrogenic N a + 
transport . 
A logical conclusion would be that the Е + юо is due to an electro­
genic K + t ransport into the endolymph. Such a potential has so far 
only been found in the midgut of the silkworm (Hyalophora cecropia) 
(Haskel l et al., 1965, W o o d et al., 1969) In that case the potential was 
sensitive to anoxia, but not to 10 4 M ouabain. Although there is as 
yet no precedent for an ouabain-sensitive electrogenic K + pump, there 
is some experimental evidence in favour of this assumption First, 4 ' 2 K 
injected into the scala vestibuh rapidly appeared in the stria vascularis 
and in the endolymph, and this transport could be inhibited by ouabain 
(Rauch, 1966). Secondly after 30 minutes of anoxemia the decrease in 
the K + concentration of the endolymph is larger than the increase in 
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the N a + concentration (Bosher and W a r r e n , 1968; Mendelsohn and 
Komshi, 1969), which suggest that the pump rate for K - is higher than 
for N a + . Thirdly, the Е-цдд would be high enough to maintain a large 
part of the N a + gradient, because the N a + equilibrium potential, i.e. 
the potential that is just sufficient to maintain the observed N a + gra­
dient (endolymph 1 m M , perilymph 136 m M ) , is about H 3 5 mV. 
(Bosher and W a r r e n , 1968). T h u s the maintenance of the N a + gra­
dient would require only a minor N a + pump activity. 
C i t i o n s will tend to leak into the endolymph because of the high 
positive potential m this compartment However, the actual C I - concen­
trations in the endolymph and perilymph are about equal. Thi s suggests 
the existence of a C l _ pump which extrudes C I - from the endolymph, 
as has previously been suggested by Johnstone ( 1 9 6 7 ) . 
T h e increase of Е + ю о during perfusion of K + Ringer (Fig . 35) 
appeared to be much faster than that of E_ 20 under the same circum­
stances (Fig . 4 2 ) . T h e slower increase of E _ _ 2 0 т а У be due to an effect 
of C I - . W h e n the cochlear potential becomes negative, Cl~ions will 
move out of the scala media and create a C I - concentration gradient 
between endolymph and blood and perilymph. Thi s gradient could 
result in a small C l _ diffusion potential, negative with respect to the 
perilymph. T h i s small potential may also explain why the E 20 could 
never be completely abolished by perfusion with K + Ringer. 
T h e decrease of the E R P after rupturing Reissner's membrane may 
be largely due to a deleterious effect of a low K + -high N a + medium on 
the stria vascularis. Duvall (1968), demonstrated that within a few 
hours after rupturing Reissner's membrane the stria vascularis showed 
degenerative changes. Moreover, Komshi et al. (1966) showed that 
when the scala media was perfused with high N a + solutions for about 
30 minutes the E R P decreased slowly. T h i s decrease could not be 
reversed by subsequent perfusion of high K + Ringer. T h e abolishing 
of the N a + gradient after rupturing Reissner's membrane could contri­
bute another few m V to the decrease in potential. 
T h e shqht effect of C O ^ inhalation and acetazolamide on the po­
tential suggests that carboanhydrase presumably is only involved in 
maintaining the p H of the cell. Prolonged inhibition of this enzyme 
may result in a change in the ionic composition of the endolymph, as 
found by Erulkar and M a r e n (1961 ), but only secondarily through an 
effect of the change in intracellular p H on cell metabolism. 
T h u s we feel that the E R P can be interpreted as the sum of a larger 
positive potential ( Е - і ю о ) due to an ouabain-sensitive, electrogenic 
K + pump and a smaller negative K - diffusion potential ( E . 20)· I n 
addition we must assume an active C l _ and N a + t ransport out of the 
endolymph, which may be coupled. Diffusion potentials for N a + , C l _ 
and H + do not seem to contribute to the E R P to a significant extent 
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Certainty about these conclusions could be obtained by placing the 
stria vascularis with underlying ligamentum spirale in an Ussing 
chamber and measuring individual ion fluxes, potentials and short-
circuit current. Our attempts to do this have failed probably due to the 
smallness or fragility of the structure. 
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SUMMARY 
The cochlea contains two fluid compartments One of these fluids, the 
endolymph, has an ionic composition as found inside cells, high po-
tassium and low sodium content. The ionic composition of the perilymph 
is similar to that of other extracellular fluids. Some characteristic elec-
trical potentials occur m the cochlea, which depend on the ionic com-
position of the cochlear fluids, and which are essential for the auditory 
process. 
In most cells the high K+ and the low Na+ concentration is main-
tained by a cation pump, which is closely related or even identical with 
a Na+-K+-activated ATPase system, which is specifically inhibited by 
ouabain and other cardiac glycosides. 
In this thesis we have looked for a possible role of the Na+-K+-
ATPase system in the maintenance of the high K+ and low Na+ con-
centration of the endolymph. In addition, after establishing the pre-
sence of this enzyme system, the relationship between the Na+-K+-
ATPase system and the endolymphatic resting potential (ERP) and 
the cochlear microphonic potential (CMP) has been studied. This was 
investigated by perfusing the perilymphatic space with ouabain. The 
nature of the ERP was studied by changing the electrolyte composition 
of the perilymph, by rupturing Reissner's membrane and by application 
of anoxemia and ouabain. 
In Chapter I our current knowledge of the anatomy of the cochlear 
structures is described In Chapter II the composition and circulation 
of the cochlear fluids are discussed. The electrical potentials observed 
in the cochlea are reviewed in Chapter III. In Chapter IV the occurrence 
and properties of the Na+-K+-ATPase system are described as well as 
it3 relation to cation transport. The methods used in our experiments 
are described in Chapter V, 
The distribution and properties of the Na+-K+-ATPase activity in 
the cochlear structures of the chicken and the guinea pig are reported 
in Chapters VI and VII, respectively. The enzyme system was shown 
to be present in very high activity in the stria vascularis of the guinea 
pig and in the comparable structure of the chicken, the tegmentum 
vasculosum, while the enzyme activity of the other cochlear structures 
was rather low. This points to stria vascularis and tegmentum vascu-
losum as the site of the cation pump involved in endolymph formation. 
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In Chapter VIII the effect of ouabain on the cochlear potentials in 
the guinea pig is described. Both the ERP and the CMP appeared to 
be affected strongly and to the same extent by ouabain. There was a 
remarkable similarity in the effect of ouabain on both potentials and 
on the Na+-K+-ATPase activity. The pl5() for the CMP, the ERP 
and the Na+-K+-ATPase activity were 5.5, 5.4 and 5.5 respectively. 
Thus, it was concluded that these potentials are dependent on the 
functioning of the Na+-K+-ATPase system in the stria vascularis. 
In Chapter IX the nature of the ERP is studied. The effects on the 
ERP of pH changes of anoxemia, cyanide and lactic acid, of rupturing 
Reissner's membrane and of changes in the electrolyte composition of 
the perilymph are reported. From these experiments it was concluded 
that the ERP is composed of a negative K+-diffusion potential and a 
positive potential due to an ouabain-sensitive electrogenic K+ pump, 
represented by the Na+-K+-ATPase system in the stria vascularis. In 
addition, an active Cl_ extrusion from the endolymph, possibly coupled 
with active Na + extrusion, was postulated in order to explain some of 
the observations. 
95 
S A M E N V A T T I N G 
De cochlea bevat twee vloeistofcompartimenten. Eén van deze vloei-
stoffen, de endolymphe, heeft een kationensamenstellmg zoals die ge-
vonden wordt in de cel. hoog kalium- en laag natriumgehalte. De Peri-
lymphe heeft een kationensamenstellmg die gelijk is aan die van andere 
extracellulaire vloeistoffen. In de cochlea zijn verder enige karakte-
ristieke elektrische potentialen aanwezig, die afhankelijk zijn van de 
kationensamenstellmg van de cochleaire vloeistoffen, en die van essen-
tieel belang zijn voor het functioneren van het binnenoor. 
In de meeste cellen wordt de hoge concentratie aan K+-ionen en de 
lage concentratie aan Na+-ionen in stand gehouden door een kationen-
pomp. Deze pomp is nauw verwant of zelfs identiek aan het Na+-K_ 
geactiveerde ATPase, dat specifiek geremd wordt door ouabaine en 
andere hartglycosiden. 
In dit onderzoek werd nagegaan of het Na+-K+ geactiveerde ATPase 
ook een rol speelt bij het in stand houden van de hoge K+ en de lage 
Na+-concentratie van de endolymphe. Daarnaast werd, nadat de aan-
wezigheid van het enzymsysteem was aangetoond, de afhankelijkheid 
van de cochleaire potentialen van het functioneren van het Na+-K+-
ATPase systeem bestudeerd. Hiertoe werd het effect van ouabaine per-
fusie door de perilymphatische ruimte op de endolymphatische rust-
potentiaal (ERP) en de cochleaire microphomsche potentiaal (CMP) 
nagegaan. De aard van de ERP werd bestudeerd door wijziging van de 
electrolytsamenstellmg van de penlymphe, door verwijdering van het 
membraan van Reissner, en door toepassing van anoxaemie en 
ouabaine. 
In hoofdstuk I wordt een overzicht gegeven van de anatomie van 
de verschillende cochleaire structuren. In hoofdstuk II worden samen-
stelling en circulatie van de cochleaire vloeistoffen besproken De 
cochleaire potentialen worden beschreven in hoofdstuk III Hoofdstuk 
IV geeft een overzicht van het voorkomen en de eigenschappen van 
het Na+-K+-ATPase en zijn relatie tot het transport van Na+ en K+. 
De in dit onderzoek gebruikte methodieken worden besproken in hoofd-
stuk V. 
De aanwezigheid, de eigenschappen en de verdeling van het Na+-K+ 
geactiveerde ATPase over de verschillende cochleaire structuren wor-
den beschreven in de hoofdstukken VI en VII respectievelijk voor de 
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cochlea van het kuiken en van de cavia Het enzymsysteem blijkt in zeer 
hoge concentratie aanwezig te zijn in de stria vascularis van de cavia en 
in het hiermee vergelijkbare tegmentum vasculosum van het kuiken, 
terwijl de activiteit in de overige cochleaire structuren hiermee verge-
leken bijzonder laag is. Dit duidt de stria vascularis en het tegmentum 
vasculosum aan als de plaats van de kationenpomp, betrokken bij de 
vorming van de endolymphe 
In hoofdstuk VIII wordt het effect van ouabaine op de cochleaire 
potentialen van de cavia beschreven Zowel de ERP als de CMP ble-
ken sterk en m dezelfde mate beïnvloed te worden door ouabaine. Er is 
een sterke overeenkomst in het remmend effect van ouabaine op de 
cochleaire potentialen en op het Na+-K+ geactiveerde ATPase systeem. 
De plr)0 voor de CMP, de ERP en het Na+-K+-ATPase zijn respectie-
velijk 5,5, 5,4 en 5,5 Hieruit werd geconcludeerd dat de potentialen 
afhankelijk zijn van het functioneren van het Na+-K+-ATPase in de 
stria vascularis. 
In hoofdstuk IX wordt de aard van de ERP bestudeerd. De effecten 
op de ERP van pH veranderingen, van anoxaemie, cyanide en melk-
zuur, van verwijdering van de membraan van Reissner en van verande-
ringen m de electrolytsamenstelling van de penlymphe worden beschre-
ven Uit deze resultaten werd geconcludeerd dat de ERP bestaat uit 
de som van een negatieve K"1-diffusie potentiaal en een positieve com-
ponent, veroorzaakt door een ouabaine-gevoelige electrogene K+-pomp, 
die vertegenwoordigd wordt door het Na+-K+-ATPase systeem in de 
stria vascularis. Bovendien werd een actieve C l - extrusie vanuit de en-
dolymphe, mogelijk gekoppeld met actieve Na+-extrusie, gepostuleerd 
ter verklaring van enkele waarnemingen. 
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